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Abstract 
In solid-state lightning, light-emitting diode (LED) technology is considered extensively as 
industry-focused optoelectronic devices for illumination in high-value applications, such as 
smartphones, traffic lights, automotive headlights, full-color displays, home lighting, 
backlighting source in liquid-crystal displays (LCDs), and other medical and commercial 
devices.  
In the LED technology, GaN-based thin-film or vertical light-emitting devices have 
attracted tremendous attention because their luminous efficacy (~150-250 lm/W) has 
surpassed the traditional lightning technologies (~10-110 lm/W), even the 2014 Nobel Prize 
in Physics was awarded for the invention of efficient blue LEDs, which enabled eco-
friendly and energy-saving white lighting sources. Despite today’s GaN-based blue VLEDs 
can produce internal quantum efficiency (IQE) of 90% and external quantum efficiency 
(EQE) of 70-80%, still there exist a major challenge of efficiency droop (the substantial 
decrease of quantum efficiency with increasing drive current). Nonetheless, state-of-the-art 
material characterization and failure analysis tools are inevitable to address that issue.  
In this context, although LEDs have been characterized by different microscopy techniques, 
they are still limited to either its semiconductor (GaN) layer or active (quantum wells) 
region, which mainly contributes towards the IQE. This is also one of the reason that 
today’s LEDs IQE exceeded above 80% but EQE of 70-80% remains. Therefore, to 
scrutinize the efficiency droop or low EQE issue of the LED, this research work focused on 
developing a novel strategy to investigate semiconductor-metal interfaces, and to explore 
metallic layers of the LED structure, which play critical role in enhancing the EQE and 
directly or indirectly impact its light-extraction efficiency (LEE) and IQE factors, i.e., EQE 
= IQE x LEE. 
Based on that strategy, wafer (metallic) bonding, reflection (Ag mirror), semiconductor-
metal (GaN-Ag) interface, active (multiple quantum wells), top textured n-GaN layers have 
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been systematically investigated under the framework of powerful advanced microscopy 
techniques of SEM-based transmission Kikuchi diffraction (TKD)/energy dispersive X-ray 
spectroscopy (EDX)/electron backscatter diffraction (EBSD), high-resolution scanning 
transmission electron microscope (HR-STEM), aberration-corrected STEM (AC-STEM), 
atomic force microscopy (AFM), Raman spectroscopy, X-ray diffraction (XRD) and 
photoluminescence (PL). Further, based on these correlative microscopy results, 
optimization suggestions on LEE are given for performance enhancement in the LEDs.  
The objective of this research is to perform atomic or nano-scale characterization on the 
vertical LED layers/interfaces to scrutinize their surface morphology, chemical composition, 
elemental diffusion, surface topography, crystallographic information, atomic structure 
with polarity, interfaces abruptness and carrier localization mechanism in quest of 
efficiency droop issue of the LED.  
Overall the purpose of this work is to evaluate the quality control of each LED layer, and 
on the basis of that optimize the fabrication process of the LED. Also, it includes 
correlating microscopy results with the structure-property-process-performance paradigm 
of the LED, i.e., link the data analysis that is interpreted from advanced microscopy 
techniques with the efficiency droop and reliability issues of the LED. 
The outcome of this research advances in optimization engineering of LED by competitive 
and failure analysis. Our results from microscopy techniques provide unparalleled insight 
into metallic bonding, reflection, quantum wells, and textured layers of the LED. By 
correlating the results from microscopy technologies, we are able to understand LED 
device physics, grain morphology, interfacial diffusion, chemical composition, surface 
topography, stress-state, and impurity levels on the atomic or nano-scale. The competitive 
and failure analysis in this research will not only impact various device optimization 
techniques but also incorporating standardization in a product design for better 
manufacturability. 
Lastly, this dissertation also provides vital guidance and references for scientists and design 
engineers in the field of optimization of advanced smart optoelectronics devices.   
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Keywords: Gallium nitride, vertical LED, atomic-scale, microscopy techniques, light 
extraction efficiency.  
Dissertation Outline 
Considering stated above objectives, seven chapters have been compiled in this dissertation. 
In the first chapter, the state-of-the-art GaN-based light emitting diode (LED) is reviewed 
to explore its device physics to develop an understanding of atomic-scale interfaces in it. 
Industrial LED as a semiconductor product has been scrutinized in light of surface 
morphologies, chemical compositions, dopant distributions, grain boundaries and interface 
characteristics.  
In the second section, vertical LED (VLED) fabrication and protocols for sample 
preparation for microscopy characterization are presented. Also, the approach to use 
diverse microscopy platform is discussed that allows for the further optimization of LED 
device.  
In the third part of this dissertation, metallic bonding in GaN-based VLED is systematically 
characterized by using the combined methodology of TKD and EDX in a SEM. SEM-based 
TKD with EDX identifies chemical composition, grain morphology, orientation, and phases 
at metallic bonding, while TEM provides nanoscale characteristics of metallic diffusion 
bonding, and its interface-related defects and nano-twinned boundaries. Our results from 
SEM-TKD and TEM techniques provide unparalleled insight into the metallic bonding and 
its future optimization. 
In the fourth section, silver (Ag) as a highly reflective mirror layer of GaN-based blue 
VLED has been systematically investigated by correlating SEM-based EDX/TKD)/EBSD, 
AC-STEM, and AFM techniques. In the context of high-efficiency lighting, three critical 
aspects: 1) chemical diffusion, 2) grain morphology and 3) surface topography of Ag layer 
has been scrutinized at the nanoscale. We found that nanoscale inhomogeneous distribution 
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of indium (In) in InGaN/GaN multiple quantum wells (MQWs), interfacial diffusion (In/Ga 
out-diffusion into Ag layer, the diffusion of Ag into p-GaN and quantum wells), and the Ag 
agglomeration deteriorate the light reflectivity, which account for the decreased luminous 
efficiency in VLED. Meanwhile, surface morphology and topographical analyses revealed 
nano-morphology of Ag layer, where nanograined size with special nanotwinned 
boundaries and an extremely smooth surface are strongly desired for better reflectivity. 
Further, based on these microscopy results, suggestions on light extraction optimization are 
given to improve the performance of GaN-based blue VLED.  
Fifth part of this dissertation presents an atomic-scale insight into MQWs of the blue 
VLED by using the powerful technique of AC-STEM. AC-STEM at atomic resolution of 
0.7 Ǻ with an EDX demonstrates interesting results across four InGaN MQWs and GaN 
quantum barriers (QBs) by providing compositional inhomogeneity of indium distribution, 
structural defects, and nanoscale interfacial chemical migration. STEM-based EDX results 
reveal that InGaN is a random alloy with indium fluctuations at multiple QWs and 
superlattice (SL) layers. Similarly, on the p-GaN side, Al-based electron blocking layer 
(EBL) shows non-uniform profile. Also, high-resolution STEM images determine that 
inhomogeneity of indium distribution results in QW width variations and random indium 
fluctuations on an atomic-scale due to compositional pulling effect. In addition, ultra-high 
resolution STEM images identify that InGaN QWs and GaN QBs interfaces are not 
atomically smooth but are somewhat diffused. Moreover, the Ga-Ga atomic columns 
separated by 75 pm are resolved by STEM high-angle annular dark field (HAADF) 
imaging whereas the annular bright field (ABF) technique is utilized for a light element (N) 
imaging with sub-angstrom resolution. Simultaneously recorded AC-STEM HAADF and 
ABF images scrutinize the GaN active region exhibit hcp-wurtzite crystal structure with 
validation of N-polarity. Furthermore, electron microscopy results are correlated with 
various aspects of degradation in LED performance. Lastly, based on AC-STEM 
nanostructural characterization and analytical results, further optimization prescriptions and 
remedies are given to mitigate critical issues of efficiency droop, quantum-confined Stark 
effect and structural defects in order to enhance the performance of LEDs. 
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In the sixth section, the nano-textured surface of the GaN-based VLED is characterized 
using a unified framework of non-destructive techniques (NDT) incorporating SEM, AFM, 
Raman spectroscopy, Photoluminescence (PL) and XRD to optimize the light output 
efficiency. The surface roughness of ~ 300 nm is revealed by AFM. Compression stress 
state of 0.667 GPa in the GaN surface is indicated by the E2(high) and A1(LO) phonon 
peak values at 569 cm−1 and 736 cm−1, respectively, in Raman spectrum and the 
wavelength at 442 nm rather 450 nm in PL spectrum. Surface analysis by NDT helps to 
advance the understanding of optimized angular redistribution of light subject to the high-
roughness surface, and negative impacts of stress induced in the top GaN layer leads to 
degrading the optical efficiency of the VLED. Furthermore, the impact of texturing on 
underneath n-GaN and MQWs layers is investigated via SEM-based TKD and AC-STEM, 
and demonstrates a smooth surface morphology and good crystalline quality, indicating the 
etch-induced damage by texture engineering does not impair the active region of VLED. 
Accordingly, prospective optimizations are suggested in the context of surface engineering 
for light enhancement in VLEDs.    
In the last section of this dissertation, a compact summary of keys results of this research 
work is presented with the conclusion. Also, a prospective future research project on 
organic solar cells (OSC) and OLEDs will be briefly explained, their importance and 
methodologies to characterize them at the nanoscale are demonstrated.  
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1.1 Background and Motivation 
1.1.1 Introduction to Light emitting diodes (LEDs) 
Light-emitting diode (LED) is an eco-friendly electroluminescence device which converts 
electricity into visible light for illumination, as illustrated in Figure 1.1. With the increasing 
traditional energy resource crisis and environmental pollution arising from electrical 
production, the appealing LEDs have become a competitive candidate for next-generation 
solid-state lighting devices because of their small size, high-energy efficiency, high-color 
rendering index, reliable life-time, and wide spectral line width from deep ultra violet to 
yellow [1]–[3]. Also, LED technology has many advantages over traditional light sources in 
terms of compact size, lifetime, variable intensity control, low voltage requirement, instant 
on/off, high energy saving capability, and so forth [3]–[6].  
 
Figure 1.1 Working principle of the light emitting diode (LED). 
Currently, LEDs are considered extensively as industry-focused optoelectronic devices for 
illumination in high-value applications, such as traffic lights, automotive headlights, full-
color displays, home lighting, backlighting source in smartphones, liquid-crystal displays 
(LCDs), LED displays, and other medical and commercial devices, [7]–[10], as shown in 
Figure 1.2.  
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Figure 1.2 Industrial applications of the LED. 
Also, the 2014 Nobel Prize in Physics was given to Shuji Nakamura's and Akasaki's groups 
for the invention of efficient blue LEDs, which has enabled bright and energy-saving white 
light sources [11]. This invention recognizes the significance of environment-friendly 
LEDs, and attained considerable attention in further optimization. Although nowadays the 
luminous efficacy (~150-250 lm/W) of most of the LEDs has surpassed the traditional 
incandescent, line and compact fluorescent technologies (~10-110 lm/W) [12], [13], as 
shown in Figure 1.3, still cost-effective design of high-power and high-efficiency LEDs is 
essential to penetrate in the general illumination market.  
 
Figure 1.3 Comparison of LED efficacy with traditional light sources [14]. 
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Currently, a modern white LED lightbulb converts more than 50% of the electricity 
remarkably superior to its incandescent counterparts with  4% conversion efficiency, and 
therefore are regarded as a green solution to counter the global energy crisis [15]–[17]. 
With 20-30% of the world's electricity used for lighting, it's been estimated that optimal use 
of LED lighting could reduce this to 4% [18], as depicted in Figure 1.4. 
 
Figure 1.4 Comparison of LED electrical consumption with traditional light sources [18]. 
1.1.2 Why GaN-based LEDs? 
In III-V compound semiconductors, gallium nitride (GaN) has manifested its superior 
material properties compared to conventional Si or GaAs [19]–[21], as summarized in 
Table 1.1. The potential for solid-state lighting based on LED technology to reduce energy 
usage is made possible through the development of GaN and its alloys. GaN is a 
fundamental material for a vast range of optoelectronic devices because it has demonstrated 
prominent light emission capabilities ranging from ultra-violent (undoped) to green and red 
(doped with indium or aluminum) [12], [22], as shown in Figure 1.5.  
GaN as a wide bandgap material can be integrated with other compound semiconductors 
such as InGaN and InGaAlP to form a potential minimum or well structure with a discrete  
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 Table 1.1 GaN comparison with other semiconductor materials (Source: Mansoor Khan at 
11
th
 International Conference on Nano technologies, 2013, Seoul, South Korea). 
 
 
 
Figure 1.5 Different colors (wavelength) of the LED [13], [23]. 
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energy values by virtue of quantum-confinement effect (QCE). The QCE takes place when 
the quantum well (QW) thickness approaches less than or equal to the de Broglie 
wavelength of the carriers (electrons and holes) [20]. In fact, the QCE is due to changes in 
the atomic structure as a result of the direct influence of ultra-small length scale on the 
energy bandgap structure, where the length scale ranges from 1 to 25 nm for typical 
semiconductor III-V, IV and II-VI groups. In QCE, QW is a type of structure in which 
charge carriers are confined to move in a plane and have free motion in a two-dimensional.  
 
          
Figure 1.6  The concept of quantum wells in LEDs [29], [30] 
 
As illustrated in Figure 1.6, a single QW is formed from one semiconductor (e.g., InGaN) 
sandwiched between two layers of a second semiconductor (e.g., GaN) having a larger band 
gap. The center layer with the smaller band gap semiconductor forms the QW, while the 
two layers sandwiching the center layer create the potential barriers (Figure 1.6). If the 
barrier thickness between adjacent wells is sufficient to prevent significant electronic 
coupling between the wells, then each well is electronically isolated; this form a structure 
called multiple quantum wells (MQWs). These MQWs structures consist of a series of 
QWs (i.e. a series of alternating layers of wells and barriers), which generate active regions 
to produce LEDs and laser diodes [24], [25]. Also, MQWs are the source for the production 
of thin-film LEDs and depend mostly on the concentration of compound semiconductors to 
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produce different colors of LED (Figure 1.5). For instance, varying the indium (In) 
concentration in the InGaN material can produce different colors in the LED, as shown in 
Figure 1.7 [26]–[28].  
 
Figure 1.7 The impact of GaN-based alloy concentration on different colors (wavelength) of LED. An 
example of indium (In) concentration at MQW for the blue color LED [31].
 
 
Contrary to other compound semiconductors (e.g., InGaAlP or AlInGaP), the InGaN/GaN-
based LEDs are the dominating candidates in illumination market with merits of a wide 
range of wavelengths, high efficacy [26], [32]–[34] (Figure 1.8). They also have merits in 
saving over 10% of worldwide electricity usage and reduction in global warming by 
decreasing at least 10% in fuel consumption, CO2 emissions from power stations and 
mercury pollution [3], [35]. Hence, it is due to the superb figure of merits among various 
III-nitrides system, GaN-based LEDs has attracted tremendous attention in various 
industrial applications including back-lighting for smartphones and liquid crystal displays, 
traffic signals, automotive lights, and other outdoor commercial full-color displays [7], [8], 
[12], [35].  
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Figure 1.8 Comparison of InGaN and InGaAlP LEDs in terms of bandgap energy and efficacy [20]. 
 
1.1.3 Why GaN-based Vertical LEDs (VLEDs)? 
In optoelectronics devices, GaN has prominent light emission capabilities with a wide 
range of wavelengths, from ultra-violet (being undoped) to red (doped) [26], [32]–[34]. 
Further, GaN-based thin or vertical light emitting diode (VLED) have been developed 
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because they possesses superior light emission property compared with the conventional 
lateral LED (LLED) architecture (Figure 1.9), including large light-emitting area by using 
one top electrode (n-side up and p-side down), mitigation of current-crowding problem, 
small series resistance (vertical current injection), better heat dissipation via a metal-based 
substrate or bendable substrateless techniques, higher light-extraction efficiency (LEE) by 
roughening the top n-GaN surface, and a better reflection of downward-absorbing light by 
placing a mirror layer on the top of the substrate [36]–[42].  
 
 
Figure 1.9 Comparison of vertical LED (VLED) and lateral LED (LLED) structures [39]. 
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Figure 1.10 Radiation flux and I-V comparison of VLED and LLED structures [43]. 
The VLEDs do not exhibit the current-crowding problem on the top emission area, which is 
attributed to the relatively larger effective light-emitting area by using only one electrode at 
the top. VLEDs also have a better reflection of the downward-absorbing light by the 
reflection metal layer (e.g., Ag or Al), and enhanced LEE by roughening of the top n-GaN 
surface [43]–[45]. Furthermore, the current can spread uniformly in the VLED structure 
because p-side or p-electrode is down and n-side up, with a top single n-metal electrode, as 
illustrated in Figure 1. 9 and Figure 1.10.   
Previous research groups reported that the light output powers for the LLED and VLED 
were 127.2mW and 156.4mW, respectively, at 350mA injection current and 298K 
temperature [14], [36], [46], [47]. In Figure 1.11, we can observe that the VLED structure 
has better performance in output power and LEE as compared to LLED [48], [49] due to 
better extraction of light from the surface roughening (top) and the reflective metal layers 
(at the base) of the device [50]–[53]. Such advancements are difficult to implement in the 
LLED since the top layer of p-GaN is thin and there is a lack of base reflectors to avoid 
light entering and being trapped in the sapphire substrate. Furthermore, conventional LLED 
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grown on the sapphire substrates are forced to use a lateral conduction scheme since the 
substrate is insulating. However, in case of VLEDs, particularly with nitrides, perform 
better with vertical conduction, where the current density is uniform [54]. This unique 
features is achieved by wafer bonding technology, which separates the nitride 
semiconductor films from the substrate (sapphire, silicon, or any metal alloy) on which the 
device layers were grown [55]–[57]. 
 
Figure 1.11 Comparison of lateral LED and vertical LED in terms of output power and EQE [48]. 
In recent years, the GaN-based VLEDs market is booming fast and has demonstrated high 
internal quantum efficiency (IQE) of 90% by developing good epitaxy or high crystalline 
MQWs [15], [58], [59]. However, their external quantum efficiency (EQE), which is equal 
to IQE × LEE, has achieved only 60-80% and there is still room for further improvement. 
To achieve the required benchmark for next-generation solid-state lighting, vertical LEDs 
are facing major challenges of low LEE and high cost [60], [61].  
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1.1.4 Current Challenges for LED? 
Despite InGaN/GaN-based QWs for blue VLEDs can produce IQE of 90% and EQE of 60-
80% [59], [62], [63] (Figure 1.12), there exist many key challenges, for instance, the 
efficiency droop (the substantial decrease of quantum efficiency with increasing drive 
current) [64], [65], the green gap (the relatively low efficiency of green LEDs in 
comparison to blue) [65], [66], the quantum-confined Stark effect (large piezo-electric and 
polarization fields arising at polar interfaces) [67], carrier (electrons and holes) injection 
efficiency [68], [69], Auger recombination [70], [71], carrier delocalization [72], impurity 
diffusion [52], [73], structural and crystal defects (lattice mismatch, dislocations) [74]–[76].  
            
Figure 1.12 Comparison of different structures of LEDs in terms of EQE [25]. 
In spite of research work on GaN/InGaN or GaN/InGaAIP bandgap engineering [77]–[82], 
a major challenge is “efficiency droop” or roll-off of EQE while operating LEDs at higher 
current densities (>10 A cm
−2
) when trying to increase the luminous flux (currently ∼160 
lumens per power LED chip), as show in Figure 1.13. Thus, VLED still needs improvement, 
particularly on the luminous efficacy and admittedly EQE. To understand that critical 
challenge of “efficiency droop” or low EQE, we need to know the basic concepts of EQE, 
IQE and the factors on which they rely. The EQE (ƞEQE) is the product of the injection  
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Figure 1.13  The efficiency droop in the LED [25]. 
efficiency ƞinj, the IQE (ƞIQE), and the LEE (ƞextr), i.e., ƞEQE = ƞinj . ƞIQE . ƞextr [83]. The LEE 
or ƞextr, which is the ratio between the externally emitted photons and the internally 
generated photons in the active region, is mainly determined by the LED architecture (chip 
design), surface roughening, patterned substrates (PSs), material absorption and reflection, 
and so forth, whereas ƞIQE, which is the ratio between the electrically injected carriers and 
the internally emitted photons is mainly connected to the quality of the active layer and is 
 
Figure 1.14  Dependence of different types of efficiencies in the LED on epitaxial layers, fabrication and chip 
packaging processes (Source: Semi LED). 
43 
 
evaluated by its growth conditions, impurity incorporation (diffusion), doping profile, 
defect density of the material and surface morphology [83], [84]. Consequently, two factors: 
(1) IQE and (2) LEE mainly contribute to overall wall plug efficiency of LED, as illustrated 
in Figure 1.14. Thus, it is of great importance to correlate LEE and IQE, consequently to 
enhance the overall EQE in the LEDs.  
Hence, the EQE considered to be the main criterion for LED performance, and has been 
approaching 60-80% in recent LED products [25], [59], [84], [85]. Therefore, optimization 
across these aspects needs to be explored systematically in detail for further improvement 
in the EQE.  
1.2 Strategies Adopted to Address Challenges of VLED  
Although the IQE of today’s best LEDs has reached values > 80% for blue 450 nm LEDs at 
low current densities (<30 A cm
−2
) and EQE of 70-80%, still further improvements towards 
100% for both IQE and EQE are required. In fact, optimization engineering in both 
fabrication and characterization sectors is inevitable in producing high-performance LEDs 
to fully replace traditional incandescent and compact fluorescent technologies. In this 
regard, atomic or nanoscale characterization of “each LED stack layers” is necessary to 
reveal their pertinent internal physics and chemistry, which facilitates in understanding the 
detailed surface morphology, chemical composition, elemental diffusion, surface 
topography, crystallographic information, atomic structure with polarity, interfaces 
abruptness and carrier localization mechanism. 
In this context, LED have been characterized by different groups using microscopy 
techniques of scanning electron microscopy (SEM) [86], atom probe microscopy (APM) 
[87], secondary ion mass spectroscopy (SIMS) [88], [89], transmission electron microscopy 
(TEM) or electron tomography (ET) [90]–[92], atomic force microscopy (AFM) [93], 
Raman spectroscopy [94], [95], X-ray diffraction (XRD) [96], and Photoluminescence (PL) 
[97], and so forth. Few examples of these microscopy techniques applied on the LED are 
shown below in Figure 1.15 to Figure 1.23.  
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Figure 1.15  (a) Schematic diagram of LEDs grown on a nanoporous (NP) GaN layer. (b) SEM image of NP 
GaN-embedded LED structure. (c) Top, and (d) Cross-sectional SEM images of NP GaN [86]. 
For instance, in Figure 1.15(b)-(d), SEM images indicates top and cross-sectional view of 
nanoporous (NP) GaN-embedded LED structure etched at an applied voltage of 17 V. Such 
images are vital to cross-check the quality of electrochemically etched NP GaN layer, 
which attributes to increase LEE by light scattering effect by NP [86]. 
Figure 1.16 illustrates a competitive analysis of a GaN-based commercial LED chip by 
using APT technique [31], [87]. APT has the unique capability of determining chemical 
compositions in three-dimensional (3D), where it shows four MQWs layers are composed 
of In/Ga, while Al as an electron blocking layer (EBL) and Mg doping form p-type layers 
of LED. Also, the mass spectrum and one-dimensional (1D) elemental compositional 
profiles generated from within the reconstructed volume shows that the device is composed 
of a number of elements, majorly Ga, N, In and Mg along with their counts and 
concentration (at.%), respectively. The ID profiles confirm that concentration of Al EBL is 
about 10-14 at.%, and the average In concentration within the five QWs is determined as 8 
at.%., whereas it varies periodically between 0.5 at.% and 1.5 at.% at 21 In-rich superlattice 
layers. Although APT provides the chemical composition in 3D, still it has a limited 
volume of data (∼100 nm3 compared to SIMS larger area of ∼100 x 100 μm2), hence 
complimentary SIMS calibrations are necessary to analyze dopant distributions [31]. 
45 
 
 
Figure 1.16 3D chemical composition (atom map), mass spectrum, 1D composition profile by APT on the 
commercial OSRAM 455 nm Golden Dragon@ Plus blue GaN-based blue vertical LED chip [31], [87]. 
SIMS is another key analytical technique used to analyze the composition of thin films or 
solid surfaces by sputtering their surface with the primary ion beam of few keV energy, 
collecting and analyzing ejected secondary ion (particles) from the specimen. SIMS works 
mainly in two modes: (1) static mode and (2) dynamic mode. The former concentrates on 
the first top monolayer by providing mostly molecular characterization, while in the later 
mode, bulk composition and in-depth distribution of trace elements are investigated with a 
depth resolution ranging from sub-nm to tens of nm [88], [89]. In Figure 1.17, using 
dynamic SIMS, a depth profile of p-type (Mg) and n-type (Si) dopants was obtained in the 
GaN-based LED. Also, seven MQWs consist of In element, whereas Al profile is noticed 
for EBL. In impurity control and failure analysis of the LEDs, particularly depth profiling 
data is routinely recorded for both matrix and dopant species, where undesirable 
contamination of H, C, and O causes defects into GaN crystalline structure, which majorly 
affects the electrical properties and shift the intended emission wavelength.  
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Figure 1.17 SIMS analysis showing p- and n-type dopant profiles in AlGaN/GaN LED structure [88], [89].  
In order to have a better lateral spatial resolution (atomic-planes) and crystallographic 
information, electron microscopy or TEM is mostly applied. In Figure 1.18(a), cross-
sectional TEM images determine that visible LED stack on graphene/SiC is composed of 
three periods of III-nitride MQWs (InGaN well and GaN barrier) sandwiched between p-
GaN and n-GaN. The high-resolution (HR) TEM images taken at the GaN/graphene/SiC 
interface shows well aligned, ordered GaN crystal lattice on a recycled graphene/SiC 
substrate and released by a Ni stressor/handling tape, respectively (Figure 1.18(b)-(d)). A 
selected area electron diffraction pattern taken from the released LED stack indicates a 
well-aligned single crystal (see inset of Figure 1.18(d)). A I–V curve and blue light 
emission from the released LED stack was observed (inset of Figure 1.18(f)). The 
electroluminescence spectra (Figure 1.18(f)) confirmed the light emission peaking at 
λ≈440 nm which is typical for III-nitride blue LEDs.  
Furthermore, in Figure 1.19(a),(b), scanning TEM analysis indicates the absence of major 
defects such as cracks or V-shaped ones in the 10 pairs heterostructures corresponding to 
GaN and AlxGa1−xN:Mn Bragg layers, respectively. The defined Z-contrast in the high-
angle annular dark field (HAADF)/STEM image of (Figure 1.19(c)) recorded on the [11 0] 
zone axis is an indication of the atomically sharp interface between the AlxGa1−xN:Mn and 
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Figure 1.18  Cross-sectional TEM image of LED stacks (p-GaN/MQW/n-GaN) on a graphene/SiC substrate 
(scale bar, 1 μm). (b) High-resolution (HR) TEM image magnified at MQW (scale bar, 100 nm). (c) HRTEM 
image magnified at a GaN/graphene/SiC interface (scale bar, 5 nm). (d) Cross-sectional TEM image of a 
released LED stack from a graphene/SiC substrate: n-GaN/MQW/p-GaN/Ni (scale bar, 1 μm). A selected area 
electron diffraction pattern from p-GaN/MQW/n-GaN is displayed in an inset. (e) Schematic of a transferred 
LED device (f) I–V characteristic of a transferred LED stack measured by applying positive bias on Ni and 
negative bias on n-GaN. The pictures of the blue LED are displayed in an inset. (g) Electroluminescence (EL) 
spectra of a transferred LED stack taken as a function of injection current [90]. 
and the GaN layers. However, threading dislocations can be seen in Figure 1.19(b) and are 
dominated by defects due to structural and thermal mismatch of the AlxGa1−xN nucleation 
layer with respect to the sapphire substrate. The strain state around the AlxGa1−xN:Mn/GaN 
interface also evidenced by x-ray diffraction (XRD) in Figure 1.19(d). In Figure 1.19 
(extreme right end), the cross-sectional HAADF TEM image of the active region of another 
LED shows that it has five pairs of MQWs, each of which consists of an In0.2Ga0.8N QW 
(2.5 nm) and a quaternary Al0.04GaIn0.12N QB (3.5 nm ), which are sandwiched by two GaN 
cap layers. 
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Figure 1.19 (a,b) STEM images of the active region of LED. Light and dark alternating areas correspond to 
the GaN and AlxGa1−xN:Mn regions of the Bragg pairs, respectively. In (a) the 130 nm thick GaN:(MN, Mg) 
active layer is also distinguishable at the top of the structure. (c) HR-STEM acquired along the interface 
between the GaN and AlxGa1−xN:Mn layers of one Bragg pair. (d) Strain mapping for the interface reported in 
(c) Annular dark-field STEM image showing the MQWs of LED device. The active region consists of 5 pairs 
of MQWs), which are InGaN QWs and quaternary AlGaInN QBs sandwiched by GaN cap layers with 
different thicknesses. The inset shows a higher resolution image of the square region [91], [92]. 
On comparing APT, SIMS and TEM techniques, we can observe that the powerful spatial 
resolution of the APT known to be anisotropic (being better in depth than laterally) and 
limited by the physics of field evaporation. It is also revealed that contrary to the pure 
metals, lateral resolution for semiconductor (SC) may no longer be on at atomic-planes, 
which explains why it is not always possible to have structural (crystallographic) 
information like TEM while working with SC materials [31]. Also, the detection limit for 
APT (∼5x 1017 at cm–3) is less than the one of SIMS due to analysis volume but APT has a 
better depth resolution, gives a unique 3D profile.  
Apart from the APT peculiar approach in 3D compositional imaging, it can image and 
analyze hundreds of millions of atoms, which is currently impossible in ET. Furthermore, 
APT accomplishes analysis at the atomic-scale with high analytical sensitivity (∼10–100 
ppm compared to 1 ppm in SIMS or 10000 ppm in TEM) [31]. Nevertheless, TEM 
provides crystallographic information, high lateral spatial resolution for high-fidelity 
imaging, chemical and compositional information from the energy-dispersive x-ray 
spectroscopy (EDX) and electron energy loss spectrometry (EELS), but unable to 
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determine the unique 3D positions of every atomic species in a selected region. Also, TEM 
lacks the attribute of discrete 3D imaging (tomographic images) and faces a particular 
challenge when features of interest are smaller than the thickness of the specimen (∼10–
100 nm). Although recent improvements in ET have reached comparable scale to APT, the 
atomic-scale has not yet fully achieved or less distinct and detailed 3D quantitative 
compositional data of complex (nano-scale or multilayer) structures is less developed so far 
in ET as compared to APT. Hence, each microscopy technique has its own advantage, and 
correlatives techniques must be applied to provide more detailed structural and 
compositional information about the relevant device. More discussion about microscopy 
tools is in section 2.3 “Microscopy Techniques on the Vertical LED”.  
Figure 1.20 reveals a schematic of the high-power VLED chip with Si submount die-
bonded to a high-temperature co-sintered ceramic (HTCC) lead frame substrate 
encapsulated in copper films. Roughening processes were applied to the surface of the lead 
frame to form a diffusely reflecting surface that would significantly improve the out-
coupling of rays. The surface roughness is measured by AFM technique, which is 
inevitable to analyze surface topography of the LED without damaging the sample. More 
about AFM is detailed in section 2.4 of this thesis.  
 
Figure 1.20 AFM image showing surface topography of the lead-frame substrate [93]. 
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Strain analysis of grown GaN microstructures was determined by micro-Raman scattering 
spectroscopy as shown in Figure 1.21. The 3D structures, such as nanowires and micro-
rods, can be used to overcome the issues of planar 2D growth of GaN on a foreign substrate 
(such as suffers from strain energy accumulation in the film resulting essentially from the 
lattice mismatch, a difference in thermal expansion coefficient, and wafer bowing).
 
 The 3D 
GaN structures can be grown with good crystal quality despite the large lattice mismatch 
and thermal expansion coefficient difference between GaN structures and substrates, 
leading to the growth of almost strain-free 3D structures through lateral strain relaxation. 
These 3D structures have also attracted considerable interest for their potential application 
to a number of technologies including nanoelectronics, optoelectronics,
 
photovoltaics,
 
and 
sensors. 
 
Figure 1.21 Raman spectroscopy (stress state analysis) on GaN micro-rods and patterned sapphire substrate of 
the LED [94], [95]. 
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Figure 1.21(a)-(c) shows the growth of GaN micro-rods on various strain-induced templates: 
samples A, B, and C are GaN/sapphire, GaN/AlN/Si(111), and AlN/Si(111) substrates, 
respectively. According to group theory [20], hexagonal GaN belonging to the space group 
holds six first-order Raman-active optical modes at Γ point: A1 (LO) + A1 (TO) + E1 (LO) 
+ E1 (TO) + E2 (low) + E2 (high) in various scattering geometry configurations. Under Z- 
geometry, only E2 (low), E2 (high) and A1 (LO) mode peaks are allowed to appear in the 
spectra. The E2
h
 (high) mode peak is considered to be the most sensitive to stress and 
always used to characterize the residual stress in GaN thin films (more discussion about it 
is in section 2.4 of this thesis).  
The Raman spectra for the three samples showed the intense peak at ~521 cm
−1
 for samples 
B and C is attributed to the Si substrate, as shown in Figure 1.21. Also, the E2
h
 peaks can be 
observed at 564.46 and 566 cm
−1
 for samples B and C, respectively. Compared with the 
Raman shift of strain-free bulk GaN shown by the dotted line at 567.5 cm
−1
, redshift of the 
E2
h
 phonon mode for samples B and C clearly reflects the residual tensile strain of grown 
GaN micro-rods. On the other hand, sample A showed the Raman shift at 568.1 cm
−1
, 
indicating slight compressive strain or almost no strain. Hence, the commonly induced 
compressive strain of GaN/sapphire templates was almost fully relaxed by the selective-
area growth by hydride vapor phase epitaxy and careful selection of the template is 
necessary to control the diameter of GaN 3D micro-rods.  
Similarly, in Figure 1.21 (bottom), micro-Raman measurements have been carried out to 
investigate the spatial variations in crystal quality of n-type GaN grown on the planar 
substrate (a) and the PSS (b). Three peaks located at about 142 cm
−1
, 570 cm
−1
 and 734 
cm
−1
 appear in all spectra which represent to the E2 (low), E2 (high) and A1 (LO) mode 
peak, respectively. The peaks at about 418 cm
−1
and 748 cm
−1
 are corresponding to sapphire 
Raman peaks. It can be noticed from the insets that all the E2 (high) mode peaks in the two 
samples are larger than 567.6 cm
−1
, which indicate that both samples are under compressive 
stress, just as predicted for GaN epilayers grown on sapphire substrates. Also, other useful 
information on spatial distributions of crystalline quality in n-type GaN grown on PSS 
could be obtained through a spatial mapping of the E2 (high) mode. The color mapping in 
Figure 1.21 (bottom images), shows the intensity and the full width at half maximum 
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(FWHM) maps of the E2 (high) mode in a 10 × 10 μm
2
 zone measured in sample B. The 
mapping scans data ranging from black for the weakest to yellow for the highest intensity. 
The blue regions with the lowest intensity corresponding to the center parts of the patterns 
(minimum FWHM, meanwhile the yellow and red regions with the highest intensity refer 
to the rest part of the patterns (largest FWHM). In fact, the intensity and FWHM variations 
of E2 (high) mode peak could effectively provide the crystalline quality of GaN epilayers. 
The smaller FWHM of E2 (high) indicates a better crystalline quality of material with lower 
dislocation density.  
In Figure 1.22, the crystalline quality and the variation of stresses during the fabrication of 
p-electrode LEDs on Cu are characterized by HR-XRD. The 2θ/ω scans around GaN (0002) 
of the LED wafer on Si before and after etching by inductively coupled plasma reactive ion 
etching (ICP-RIE), and the embedded wide p-electrode LED on Cu, respectively. The 
satellite peaks show that no obvious deteriorations are found in the MQWs after the LEDs 
transferred from Si substrate onto Cu. According to the 2θ values, the LED on Si shows a 
tensile stress, while after the Si substrate removal, an almost fully strain relaxation is 
observed in the embedded wide p-electrode LED on Cu. This strain relaxation is in favor of  
 
Figure 1.22  HR-XRD 2θ /ω scans around GaN (0002) of the LED film on Si before and after etching by ICP-
RIE, and the embedded wide p-electrode LED on Cu, respectively. The diffraction peaks of GaN (0002) are 
shown in the inset [96]. 
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the reduction of QCSE and the enhancement of IQE. 
GaN-based LEDs on Si (111) substrates with different interlayer structures were 
investigated using PL technique, as shown below in Figure 1.23. Although low-temperature 
AlN (LT-AlN) single interlayer was commonly used in growing high-performance GaN-
based LEDs on Si substrates to mitigate the issues of large mismatch in lattice constant 
(16.9%) and thermal expansion coefficients (57%) between GaN and Si, still its variation in 
thickness and temperature causes new dislocations and crack density (stress), respectively. 
Thus, there is a motivation to explore alternate interlayer structures, which can not only 
improve stress and but also minimize dislocation formation for high-performance GaN-
based LEDs on Si substrates.  
 
Figure 1.23 PL spectrums of LEDs with different buffer (interlayer) configurations [97]. 
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In this context, PL for the three LED samples: (1) LT-AlN (sample A at 830 °C), (2) 
medium-temperature AlN multilayer (MT-AlN ML) (sample B at 1020 °C), and (3) 
AlN/GaN superlattice (SL) (sample C at 1070 °C) were performed to determine the 
influence of the interlayers upon the LED optical properties, as illustrated in Figure 1.23 
(a)-(c). All the LED samples emit at a wavelength of around 440 nm. The best PL peak 
intensity can be observed for LED-C. This is because the SL interlayer can effectively 
reduce the dislocations density and the probability for dislocations propagating into the 
MQWs, resulting in better internal quantum efficiency. Hence, the PL and micro-Raman 
measurements reveal not only the crystal quality of the GaN micro-rods but also strain 
distribution as well.  
1.3 Objectives of this Research? 
In previous reports on the LEDs, it can be observed that majority of groups focused either 
on the semiconductor (GaN) film or active region (MQWs) of the LED, which mainly 
contributes towards the IQE. This is the reason that today’s LEDs IQE exceeded above 80% 
but EQE still remains at 70-80%. Thus, to address the efficiency droop (low EQE) issue of 
  
Figure 1.24 Cross-sectional schematic of VLED. 
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the LED, my research work focused on developing a novel strategy to explore underneath 
metallic layers and investigate their semiconductor-metal interfaces in the LED stack layers 
well, which plays a critical role in enhancing the EQE and directly or indirectly impacts the 
LEE and IQE factors. The stack layers of our VLED are shown in below Figure 1.24. 
Based on that strategy, wafer-metallic bonding, silver-mirror reflection, GaN active-MQWs, 
textured n-GaN layers have been systematically investigated using SEM-based 
transmission Kikuchi diffraction (TKD)/EDX, HR TEM/scanning transmission electron 
microscope (STEM)-based-EDX, aberration-corrected STEM (AC-STEM), AFM, Raman 
spectroscopy, XRD and PL techniques.  
The key objectives of our research are summarized below: 
(1) Perform atomic or nanoscale characterization on the LED stack layers (Figure 1.24) 
to scrutinize their surface morphology, chemical composition, elemental diffusion, 
surface topography, crystallographic information, atomic structure with polarity, 
interfaces abruptness and carrier localization mechanism.  
(2) Systematically apply those microscopy techniques on the LED, which are advanced, 
powerful, high lateral/spatial resolution, robust and sophisticated to characterize 
LED at the atomic or nanoscale.  
(3) Correlate microscopy results with the structure-property-process-performance 
paradigm of the LED.  
(4) To perform quality control (QC) and quality analysis (QA) by competitive and 
failure analysis to evaluate fabrication process of VLED, and link that data analysis 
with the efficiency droop and reliability issues of the LED. 
(5) Further, based on these microscopy results, optimization suggestions on light 
extraction (EQE= IQE x LEE) to be given to improve the performance of VLEDs.  
56 
 
 Chapter Two                   
Fabrication Method and 
Microscopy Techniques on 
VLED 
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2.1 Fabrication Process of Vertical LED  
The process flow of fabricating GaN-based blue VLED involved four steps: (1) growth of 
metal-organic chemical vapor deposition (MOCVD) epitaxial layers on a device wafer 
(DW), that constitutes sapphire/silicon substrate, and deposition of a reflective mirror by 
electron-beam evaporation, diffusion barrier, adhesive, and bonding metal layers, (2) wafer-
to-wafer (W-W) bonding, i.e., transferring of DW and integrating it to a carrier wafer (CW), 
(3) removal of the temporary grown substrate (sapphire) from DW by laser lift-off, and 
lastly (4) surface structuring or pattering (top textured surface) of the VLED die [38], [52], 
[57]. Figure 2.1 illustrates the summary of mentioned above steps.  
 
Figure 2.1 Fabrication process of VLED.  
In step (1), the GaN-based blue vertical LED structure was fabricated on a 2-inch (0001) 
sapphire wafer using metal-organic vapor-phase epitaxy (MOVPE) or MOCVD method, 
and the cross-sectional schematic diagram is shown in Figure 2.2. In the growth process, 
trimethyl gallium (TMGa), trimethyl indium (TMIn), bis-cyclopentadienyl magnesium 
(Cp2Mg), silane (SiH4), and ammonia (NH3) were used as sources for Ga, In, Mg, Si, and N, 
respectively. Prior to the growth of GaN epitaxial layers, the sapphire wafer was exposed to  
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Figure 2.2 (a) Schematic diagram of fabrication steps, (b) and (c) Cross-sectional schematic and 
corresponding SEM image of VLED [57]. 
H2 gas at 1100 °C to remove surface contamination. Firstly, the 25-nm-thick GaN 
nucleation layer was deposited at 550 °C, followed by the growth of a 2.5-µm-thick 
undoped GaN and a 3-µm-thick Si-doped n-type GaN layer. A 60-nm-thick superlattice 
(SL) containing alternating layers of InGaN/GaN (1nm/1nm), and four periods of InGaN 
QWs with 2.5-nm-thick wells each separated by 3.5-nm-thick GaN quantum barriers (QB) 
were used for blue light emission in the wavelength of ~455-470 nm. The growth 
temperature for four pairs of InGaN QWs and GaN QBs were kept between 750 and 850 °C, 
respectively. On the top of InGaN/GaN-based MQWs, a 20-nm-thick p-AlGaN electron 
blocking layer (EBL) was incorporated, and finally a deposition of 200-nm-thick Mg-doped 
p-type GaN. Prior to silver and other metals deposition, the sample is treated with HCL to 
remove surface native oxides formed during MOCVD process. The high-reflectance silver 
(Ag) as a reflective mirror and ohmic contact metal was deposited on p-type GaN by 
electron-beam evaporation followed by thermal annealing (300-600°C) in the oxygen 
ambient to produce a low resistance ohmic contact, i.e., a low-contact resistivity in the 
order of 10
-5
 Ω cm2. Afterward, the deposition of the diffusion barrier, adhesive, and 
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bonding metal sublayers constitute layers of the device wafer. Later on, the device and 
carrier wafers were bonded together.  
In step (2), W-W bonding for VLED structure, standard semiconductor wafers typically 
having a wafer size of 2-inch (50 mm) diameter with thickness ~275-430 µm were used for 
each CW and DW. Initially, CW consists of the conductive carrier (Si or Ge), p-side 
electrode (Au/Pt), barrier/adhesion metal layers (Ti/W/Pt/Ni) and bonding metal layers, i.e., 
Au layer (1.5 µm) formed on eutectic AuSn (300 nm) sublayer. On the other hand, DW is 
constituted by GaN-based epitaxial (active) layers on sapphire or Si substrate, reflective 
mirror layer (Ag or Al), barrier/adhesion metal layers (Ti/W/Pt/Ni) and bonding metal 
layers, i.e., Au layer (1.5 µm) formed on eutectic AuSn (200 nm) sublayer. The total 
thickness of bonding medium (Au-AuSn at CW and AuSn-Au at DW) was about 3.5-4 µm. 
Prior to wafer bonding, both wafers were aligned (mechanically) while loading into the 
bond chamber. In the next step, CW structure was bonded to the DW structure through a 
cycle of the thermocompression wafer bonding process, which involved three key 
parameters: 1) pressure, 2) heat (temperature), and 3) bonding duration. CW was pressed 
against DW with a pressure of approximately 0.3227 to 1.0 MPa and the pressed wafers 
were heated together at the temperature of 310-400 °C for the duration of 5-30 minutes, 
consequently, the Au-Au bond formation was achieved through the atomic contact, 
pressure and temperature impact [39]. The resulting wafer bonded structure was then 
flipped, i.e., DW (top) and CW (down), as shown in Figure 2.2 (a).  
In step (3), the sapphire or Si substrate was removed from DW by laser lift-off or reactive 
ion etching techniques [98]. In the last step (4), the roughening for the textured surface at 
the top DW was performed by photoelectrochemical etching (or heated KOH solution) and 
finally SiO2 as passivation layer was deposited by plasma-enhanced chemical vapor 
deposition (PECVD) to facilitate the escape of light from the VLED device. The final 
product of GaN-based VLED has an optical efficiency of 50-55% with blue light emission 
in the wavelength of ~455-470 nm and its cross-sectional layers is shown in Figure 2.2 (b) 
and (c).    
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2.2 VLED Specimen Preparation Methodologies for Microscopy 
Characterization 
To obtain information from microscopy tools, three steps were involved: (1) specimen 
preparation, (2) data collection, and (3) data analysis [99]–[104]. The major challenge was 
in the first step, where it was necessary to prepare a good bulk and fine thin specimens from 
the LED die. Most of specimen preparation methods for semiconductor devices [105]–
[107], which have been developed for TEM lamella were applied to our LED specimen. 
However, in wedge-shaped lamella additional steps were required in its final thinning for 
analyzing under SEM-TKD/electron backscatter diffraction (EBSD), TEM and AC-STEM 
techniques.   
To understand LED stack layers, it is necessary to investigate the morphology and chemical 
composition of each layer first under the SEM and later by TEM microscopy tools. Thus,  
 
Figure 2.3 LED lamella preparation by FIB for SEM-TKD and TEM analyses. (a) Pt coating of the sample to 
avoid Ga damage, (b), (c) FIB lamella wedge definition by milling and cutting. (d)-(e) Lift-out of TEM 
lamella by in-situ micromanipulator and transfer to Cu/Mo grid. (g) final thin lamella (80-100 nm), (h) SEM 
micrograph showing cross-sectional schematic layers of VLED  [57]. 
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for that particular region of interest (ROI), a cross-sectional thin (80-100 nm) lamella 
specimen was prepared, and using in situ micromanipulator it was mounted on a Cu/Mo 
grid in accordance with the standard TEM foil preparation protocols based on focused ion 
beam (FIB) lift-out techniques [108], the summarized steps are shown in Figure 2.3. This 
approach normally works well for SEM and TEM analyses. 
 
Figure 2.4 LED lamella preparation by FIB for HRTEM and AC-STEM analyses. (a) Pt coating of the sample 
to avoid Ga damage, (b), (c) FIB lamella wedge definition by milling and cutting. (d)-(f) Lift-out of TEM 
lamellae by ex-situ micromanipulator and transfer to Cu/Mo grid. (g), (h) Thinning of lamella to 100-120 nm 
at 10 and 5kV by Ga-ion milling, (i) Final lamella thinning to 60-80 nm by Ar-ion milling at 1kV-2kV.  
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In the second approach, we adopted additional steps to prepare very fine thin lamella of 
thickness 60-80 nm: (1) use of ex-situ glass micromanipulator, and (2) at final stage 
perform Ar-ion milling rather than Ga-ion milling at FIB, as shown in Figure 2.4. Both of 
these steps facilitated damage-free (Ga-ion) lamellae for HR-STEM and AC-STEM 
analyses in order to investigate sub-nm active layers (MQWs) and other semiconductor-
metal interfaces. In fact, in the second approach, after FIB milling with a Ga-ion beam at 30 
kV and 5 kV performed, subsequent Ar-ion milling by JEOL EM-09100IS Ion Slicer at 1-2 
kV was performed for final thinning of the lamellae to 60-80 nm to minimize the FIB-
induced damages or artefacts. Further, the lamella was examined under JEOL JEM-
ARM300F and FEI Titan Themis Z300 AC-STEMs to obtain the crystallographic structure, 
high lateral spatial resolution for high-fidelity imaging and chemical compositional 
information from the key epitaxial layers of the GaN-based blue VLED. 
2.3 Microscopy Techniques on the Vertical LED  
To optimize the performance of solid-state lighting devices, nano or atomic-scale 
characterization is necessary to reveal their pertinent internal physics and chemistry. The 
reason for that is the continuing miniaturization as described by Moore’s law [109], [110], 
where transistors shrink from microns to the nano-scale, as shown in Figure 2.5 (a) and (b).  
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Figure 2.5 (a) Moore’s law and transistor scaling [109], [110]. (b) Microscopy techniques capable of device 
scaling [31]. 
 
 
Figure 2.6 Comparison of microscopy techniques [117] (Source: Prof. Simon Ringer). 
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In these techniques, SEM is a microscope that works on the principle of particles with a 
negative charge (electrons) instead of light. The electrons are released from field emission 
source gun and accelerated in a high electrical field within vacuum column. These primary 
electrons are focused and deflected by electronic lenses to produce narrow scan beam 
(primary electron beam) that hits the specimen or object. As a result, secondary electrons 
(SE) are emitted, which are observed by relevant detectors. Depending on the primary 
electron beam (energy) intensity and sample depth (thickness), other electrons such as 
backscattered electrons (BSE) and characteristic X-rays can be generated, which can be 
used in EBSD and EDX analyses for further information, as illustrated in Figure 2.7. 
 
Figure 2.7 Principles of SEM operation. 
Compared with conventional SEM, field-emission SEM (FE-SEM) produces more clearer, 
less electrostatically distorted images with high-spatial resolution down to ~1-1.5 nm 
(almost three to six times better), this is because the field-emission cathode in the electron 
gun produces narrower probing beams with high electron energy, resulting in improved 
spatial resolution, less charging and minimized damage to the sample [118].  
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In case of our VLED sample, FE-SEM imaging provided topographical information 
(structure uniformity determination, small contamination, features geometry), cross-
sectional analyses of LED stack layers, as shown in Figure 2.8.   
 
Figure 2.8 SEM micrographs (a) Top bulk textured surface. (b) Cross-sectional layers of VLED [52]. 
Also, SEM-based EDX is a powerful and less-destructive analytical technique for 
identifying unknown elements, elemental composition measurements and performed well in 
bulk (thick) areas of the LED sample. In these results, SEM-EDX allowed us for rapid 
identification and characterization of surface imperfections, and lateral compositional 
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variations (Figure 2.9). Thus, SEM-EDX as an analytical technique was used to determine 
the chemical composition (quantitative and qualitative) of the LED (more description about 
these SEM and EDX results are in subsequent chapters of this dissertation). 
 
 
Figure 2.9 SEM-EDX analysis on the cross-sectional layers of the VLED [52]. 
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Furthermore, in SEM tool, new techniques of TKD and EBSD can be used. The working 
principle and experimental setup are illustrated in Figure 2.10. The powerful SEM-based 
TKD with a spatial resolution of 2-15 nm provides key nanostructural information, such as 
orientation mapping (OM), grain size analysis, poles figures (PFs, texture), and Kikuchi 
diffraction patterns [118]. Both TKD and EBSD works on the same principle, however, 
SEM-TKD cannot be performed on a bulk or thick specimen, as it requires electron 
transparent thin samples (by electropolishing or using a focused ion beam SEM). Moreover, 
SEM-TKD or transmission EBSD (t-EBSD) has better spatial resolution (2-15 nm) 
compared with conventional EBSD technique (30-100 nm) [52], [119]. SEM-TKD/EBSD 
also less destructive technique compared to TEM [120].  
 
 
Figure 2.10 Principle and experimental setup of SEM-EBSD and TKD operation [52] (top image source: 
A/Prof. Rongkun Zheng). 
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For instance, in case of our VLED sample, PF (texture) and grain morphology of the Ag 
reflective layer were analyzed by SEM-TKD (cross-sectional wise) and EBSD technique 
(top bulk surface). Few exemplary results from our VLED are depicted in below Figure 
2.11 and Figure 2.12 (more description of them are in subsequent chapters of this 
dissertation).  
 
Figure 2.11 SEM-TKD analysis on the cross-sectional layers of the VLED [52]. 
For TKD analysis, FIB technique was used to prepare fine thin lamellae (60-100 nm) on the 
VLED, as stated in section 2.2 of this dissertation.  
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Figure 2.12 SEM-EBSD analysis on the top bulk surface of the reflection layer in the VLED [52]. 
Although SEM-based EDX and TKD/EBSD are powerful and less destructive techniques 
compared to TEM [120] but suffers from limitations, such as no absolute chemical state 
information can be verified and limited in obtaining discrete diffraction patterns or grains 
(texture) for a very thin film layers (below <10 nm). However, these limitations can be 
mitigated in correlation with EDX in TEM technique.  
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In TEM or electron microscopy technique, the beam of electrons is transmitted through a 
transparent thin sample to form an image (like in case of SEM-TKD). The working 
principle of TEM is illustrated in Figure 2.13. However, TEM with high beam intensity has 
a unique capability by providing crystallographic information at the high lateral spatial 
resolution for high-fidelity imaging along with compositional information from the EELS 
and EDX [121]–[123]. Also, high-resolution (HR)-STEM showed better spatial resolution 
(atomic-planes) compared to APT [31], [124]. Furthermore, these complementary 
techniques (TEM and APT) are combined to correlate the analytical sensitivity and three-
dimensionality of APT with TEM spatial fidelity [125], [126].  
 
 
Figure 2.13 Principles of TEM operation. 
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In TEM, two main types of imaging exit: (1) phase contrast imaging in conventional TEM 
(CTEM) or HR-TEM, and (2) Z-contrast imaging in the STEM (Figure 2.14). 
 
Figure 2.14 Types of imaging in TEM technique. 
For the VLED case, robust compositional analysis across its multilayered structure through 
SEM-EDX was very beneficial to locate the elemental inter-diffusion on a micron-scale for 
a broad field of view. However, the spatial resolution of SEM-based EDX was not high 
enough to investigate the sub-nm scale MQWs layers and elemental inter-diffusion or 
interfacial diffusion (metal-semiconductor). Therefore, high-resolution AC-STEM was 
used to measure the accurate compositions on the nano or atomic-scale.  
The development of AC-STEM by adding Cs correctors provides new dimensions to state-
of-the-art electron microscopy, enabling to perform a structural analysis at the sub-
angstrom resolution [127]–[129], as illustrated in Figure 2.15. The evolution of aberration 
correctors has improved the sensitivity and spatial resolution of both phase contrast 
imaging in HR-TEM and Z-contrast imaging in STEM [130], [131]. This peculiar 
capability of AC-STEM has opened a new realm to understand materials properties by 
correlating their atomic-scale changes in composition with the structure of interfaces and 
defects [132]. For instance, by HAADF STEM method, a resolution of 45-pm separated Si-
Si dumbbells imaging were performed [133]. Other applications of AC-STEM are 
summarized in Figure 2.16. 
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Figure 2.15 Principles of AC-STEM (Source: Mansoor Khan @MRS conference 2017, Boston, USA). 
 
Figure 2.16 Applications of AC-STEM (Source: Mansoor Khan @MRS conference 2017, Boston, USA). 
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In case of our VLED sample, high-resolution AC-STEM is able to locate delicate 
nanostructures (MQWs) and absolute chemical state information can be verified as shown 
in Figure 2.16 (above) and Figure 2.17 (below) showing MQWs and their chemical 
composition profile. 
Furthermore, using HAADF STEM method, a resolution of 75-pm separated Ga-Ga 
dumbbells imaging was performed. Also, for the light elements (N), the sub-angstrom 
distance between Ga-N atomic columns in a GaN sample was resolved by an annular bright 
field (ABF) imaging technique, as shown below in Figure 2.17.  
 
Figure 2.17 TEM analysis on the VLED. 
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In AFM technique, a cantilever with a very sharp tip (probe) is used to scan over a sample 
surface, also called SPM, as depicted in Figure 2.18. APM can perform different functions, 
e.g., force measurements and manipulations but its specific imaging capability allows it to 
form an image of the 3D shape (topography) of a sample surface on the order of fractions 
of a nanometer. AFM vertical resolution can be up to 0.1 nm but the lateral resolution is 
low (~30 nm) due to the convolution.  
 
Figure 2.18 Principles of AFM operation. 
In case of our VLED, we used tapping mode rather contact mode to avoid damage to 
surface of the LED sample. Tapping mode is a primary AFM mode and provides surface 
morphology and topography in the form of surface roughness. The probe has cantilever 
with a sharp tip, where a drive signal is applied it, the tapping piezo mechanically oscillates 
the probe at or near its resonance frequency (the fundamental resonance) and detector 
signal is cantilever oscillation amplitude or phase. In feedback mode, output signal usually 
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adjusts the Z position of the scanner to maintain an (rms) amplitude set point [134] (Figure 
2.18). Taping mode enables numerous secondary modes, including phase imaging and 
surface topographical imaging in 2D and 3D form, as shown below in Figure 2.19.  
           
Figure 2.19 AFM analysis on the silver reflection layer of the VLED [52].  
 
Figure 2.20 AFM analysis on the top textured surface of the VLED. 
76 
 
2.4 Other Non-destructive Characterization Techniques on the 
Vertical LED  
Raman spectroscopy is a non-destructive surface analysis technique, which works on the 
principle of light (photon) scattering. When a light (usually monochromatic laser beam) 
interacts with the molecule (molecular vibrations) or crystal or phonons of the system, 
resulting excitation put molecule or phonons into a virtual energy state for a short time 
before the photon is emitted, as illustrated in Figure 2.21. Raman scattering is different 
from Rayleigh scattering because later is an example of elastic scattering, where the 
frequency (wavelength) of the Rayleigh scattered light is the same as that of the incoming 
electromagnetic radiation. Contrary to that, in Raman scattering the resulting inelastically 
scattered photon, which is either emitted/scattered can be of either lower stokes or higher 
(anti-Stokes) energy than the incoming photon (Figure 2.21). 
 
Figure 2.21  Principles of Raman spectroscopy. 
Raman spectroscopy is useful to observe vibrational, rotational, and other low-frequency 
modes in a certain crystal system. In case of our GaN-based VLED, the Raman shift at 
approximately 565–568 cm−1 corresponds to the E2 phonon mode, which is sensitive to the 
amount of stress inside the GaN layer. In GaN films, the E2 high (E2
H
) and A1
 
longitudinal 
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optical
 
(LO) phonon modes are widely used to evaluate the stress-related property of III-
nitrides [135], [136], as shown in Figure 2.22 (more detail about results are in Chapter 6). 
 
 
Figure 2.22 Raman modes in GaN system. (a)-(d) Raman analysis on the textured n-GaN surface of VLED.  
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XRD is another non-destructive technique (NDT) based on constructive interference of 
monochromatic X-rays and a crystalline sample, in which the crystalline atoms cause a 
beam of incident X-rays to diffract into many specific directions. A cathode ray tube is a 
source to generate X-rays, they get filtered to produce monochromatic radiation, collimated 
to concentrate, and directed towards the target sample, as shown in Figure 2.23. XRD is a 
robust analytical technique primarily used for phase identification of crystalline materials 
and analysis of unit cell dimensions (lattice constant) in terms of stress-strain analysis.  
 
Figure 2.23 Principles of XRD techniques 
We used XRD technique on the top textured GaN surface of VLED to analyze the stress-
strain analysis on the GaN material system to validate the Raman spectroscopy results. By 
scanning the LED sample through a range of 2θ angles, all possible diffraction directions of 
the lattice can be attained due to the random orientation of the textured surface of VLED. 
Conversion of the diffraction peaks to d-spacings (obtained by solution of the Bragg 
equation for the appropriate value of λ, i.e., n λ = 2d sinθ) allows identification of the 
material in VLED because each material has a set of unique d-spacings, for instance, in 
Figure 2.24 significant X-ray reflection by the hexagonal GaN (0002) occurred at ~35°, 
while the reference stress-free GaN locates such reflections at 34.6°. 
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Figure 2.24 XRD analysis on the VLED.  
PL spectroscopy like Raman spectroscopy is also non-contact, nondestructive techniques 
but former is many times stronger than later [137]. In PL, a light is directed onto a sample, 
where it is absorbed and photo-excitation occurs. The photo-excitation causes the electrons 
to be excited to a higher energy level, but to achieve relaxation stage, they release energy in 
form of photons on returning to back to a lower energy level. The emission process of 
photons (light) or luminescence is PL, as shown in Figure 2.25 (a).  
PL applications include assessing impurity levels, emission property (Figure 2.25 (b)),  
material quality by inspecting variations of stress level in the GaN system since the energy 
band gap is strongly sensitive to the state of stress [138], [139]. Mostly, PL and XRD 
measurements were taken to substantiate Raman spectroscopy results.  
 
Figure 2.25  (a) Principles of the PL. (b) PL analysis on the VLED (Source: Mansoor Khan@ ICONN 2018). 
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2.5 Summary and Conclusions 
Below is the summary of microscopy techniques employed on the VLED device. 
 
Table 2.1 Summary of microscopy techniques applied to the VLED with their specifications  
Device and Microscopy Techniques Specifications Purpose 
Vertical LED Chip GaN: 440-490 nm, Ƞ
opt 
: 50% Blue Light 
Zeiss Auriga SEM-FIB 5 kV-30 kV, 50 pA-2 nA Milling 
Zeiss Ultra plus 
FEG-SEM 
10-30 kV, 1-3 nA 
WD: 6-10 mm 
Oxford Intr. AZTec 
Nordlys-nano EBSD detector system 
EDX 
EBSD 
TKD 
TEM 
JEOL 2200FS/ JEM-ARM300F 
200 kV 
80-300 kV 
STEM 
EDX 
AC-STEM 
FEI Titan  
Themis Z aberration-corrected  
with Super-X EDX 
Bruker SPM/AFM 
Dimension ICON SPM  
with ScanAsyst® image system 
AFM 
Renishaw Raman System 2000 Laser source: 488 to 752 nm Raman 
Olympus FluoView FV1000 Confocal 405 nm laser diode PL 
Schimadzu XRD 6000 Cu X-ray tube,  6-40 kV, scan range: 10-80      XRD 
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In conclusion, nanostructural investigations have been performed on the LED by applying 
advance powerful microscopy tools. SEM technique has provided the surface morphology 
of the LED top surface and cross-sectional layers. Combined SEM-EDX and TKD analysis 
revealed elemental segregation, characterization of the grain morphology (grain size, grain 
orientation, and grain boundary types) and crystallographic (texture) orientations of the 
LED stack layers. At the preliminary stage of examining any semiconductor device, the 
combination of SEM-TKD/EBSD with EDX proved to be a robust and sophisticated 
methodology for nanocharacterization of the LED.  
In addition, to prepare fine electron transparent lamella specimen (50-80 nm) for SEM-
TKD and TEM analysis, the FIB technique in SEM should use appropriate currents and 
accelerating voltages for milling to avoid damage as much as possible the Ga+ ions 
contamination (sample-amorphization or implantation) [106], [140], [141]. In the context of 
specimen-yield, to reduce the stress on the specimens, suggested methods include change 
the specimen orientation (plan view to cross-section view) and do Pt/Au or carbon coatings.  
Furthermore, TEM technique on the VLED showed its unique capability to explore the 
structural and chemical properties of devices at atomic-scale resolution. LEDs, which are 
mostly based on compound semiconductors, TEM revealed the composition of III-V 
MQWs or semiconductor (GaN) and metal (Ag) interfaces at the atomic-level. Particularly, 
AC-STEM yields distinctive potential to quantify the distribution of chemical species (Ga 
and light N elements) at the atomic-scale) and provides polarity of the device in atomic-
planes (Figure 2.17), thereby having the advantage over three-dimensional (3D) APT 
techniques [142], [143]. This is because TEM provides crystallographic information at the 
high lateral spatial resolution (atomic-planes). However, TEM has limitations as it lacks the 
ability to determine the unique 3D positions of every atomic species in a selected region 
and faces the particular challenge when features of interest are smaller than the thickness of 
the specimen (~10-100 nm) [144]. Although recent improvements in ET have reached 
comparable scale to APT [145], [146], the atomic-scale has not yet fully achieved or less 
distinct, and detailed 3D quantitative compositional data of complex (nano-scale or 
multilayer) structures is less developed so far in ET as compared to APT [147], [148]. 
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In addition to above microscopy techniques, surface analysis of the VLED by non-NDT of 
AFM, Raman spectroscopy, XRD and PL provided surface topography, stress-state, phase 
identification of a crystalline material, and emission properties, respectively.  
In general, microscopy characterization on the VLED demonstrated that the interface 
quality strongly influences the properties of the epitaxial layers, and interfaces are linked to 
heterostructures properties, such as carrier density or mobility and recombination rates, 
which directly affect the efficiency droop of the VLED. Nevertheless, microscopy analysis 
has been essential to map chemical composition, surface morphology, elemental diffusion 
or impurity levels, surface topography, and grain boundaries that impact the electronic 
properties of the device under test (DUT). Indeed, microscopy techniques are capable of 
performing component-level and device-level analysis and offers unique information for 
LED optimization to play a vital role in the electronic materials industries.  
Furthermore, inside the microscopy instruments, appropriate choice of experimental 
parameters, such as specimen temperature (K), vacuum pressure (mbar or Torr), 
electron/ion-beam intensity (FIB), working distance (SEM/EDX/TKD/EBSD), laser pulse 
or X-ray energy (AFM/PL/Raman/XRD) and other sample preparation protocols are also 
taken into account for reliable data collection (reconstruction) and data analysis. These 
parameters are critical for the semiconductor (SC) materials (like LEDs) because to analyze 
SC materials with poor thermal diffusivity, rapid cooling is the key in achieving good data 
[31]. Also, it is important to mention that the spatial resolution (key criteria for any 
microscopy performance) is material-dependent.  
Moreover, in the field of semiconductors (SC), sample preparation is challenging because 
some microscopy techniques (e.g. SEM-FIB) suffers from somewhat limitations when 
applied to 3D structures composed of regions with different layers with different 
evaporation/milling rate. Also, it is plausible that the spatial resolution in SC materials 
deteriorates more with e-beam intensity compared with pure metals, because electric fields 
could penetrate much deeper into SC materials than for metals due to the difference in 
band-structures [149]. Particularly, in compound SC, milling rate varies with chemical 
composition, material density, crystallography, interfaces, and phases.  
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To mitigate these difficulties, several methodologies and new protocols are in the 
development phase. Correlative microscopy (TEM/SEM/TKD combine with APT or 
another microscopy) considered being helpful in obtaining high-quality 2D/3D data. 
Indeed, complementary techniques (such as TEM and APT) will likely to develop a closer 
relationship in the future, where the TEM spatial fidelity is combined with the analytical 
sensitivity and three dimensionality of APT [150], [151]. Further, instruments that combine 
these techniques into a single instrument are currently being pursued by the “ATOM 
project” [152], [153] in the form of STEM-APT microscopy to develop true and ultimate 
metrology tool namely “atomic-scale tomography” (AST) [154].  
Also, in the near future, technological advancements in SEM/TEM, EBSD/EDX, and 
AFM/XRD/PL detectors (hardware) and automated sample procedures will make beneficial 
techniques to induct into competitive and failure analysis tools. Hence, the unified 
framework of microscopy techniques on the vertical LED will facilitate to investigate 
device physics and structure-property relationships. 
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 Chapter Three                             
On the Metallic Bonding of 
GaN-based Vertical Light-
Emitting Diode 
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3.1 Role of Wafer Bonding? 
Wafer bonding is the most prominent joining technology used in optoelectronics, micro-
electro-mechanical systems (MEMS), nanophotonics and other industrial semiconductor 
devices [55], [56], [155]–[157]. Wafer bonding plays a critical role in the fabrication of 
cost-effective LEDs and development of today’s 3D integrated circuits (ICs) [39], [158]–
[160]. In wafer-to-wafer (W-W) bonding numerous approaches exist, e.g., direct fusion, 
anodic, glass frit, adhesive bonding and transient liquid phase (TLP). However, metal-
based wafer bonding (WB) namely: (1) eutectic (solid-liquid phase), and (2) thermo-
compression or diffusion bonding (diffusion of metal atoms) are dominant in electronics 
products [161]–[164]. As these metallic bonding includes provisions for good electrical 
interconnects (conductive bonds) with a high degree of hermeticity, and device scaling.  In 
eutectic bonding, intermediate bonding material forms a eutectic alloy at a specific 
composition and temperature [162], [165]. Those eutectic metals include Au-Sn, Au-Si, Pb-
Si, Au-In and Au-Ge, etc. alloys that transform from solid to liquid state, or vice versa 
[166], [167]. The bonding interfaces will be fused together due to intermetallic phase 
formation, for instance, Au/Sn alloy system forms a eutectic solder at the composition of 
Au71 at.% Sn29 at.% at melting temperature of ~278 °C or  solid-liquid interdiffusion 
(SLID) bonding for high-temperature (~600 °C) applications [168], [169].  
On the other hand, in thermocompression bonding (TCB) technique, the two metal surfaces 
adhere to each other by the simultaneous application of pressure and temperature [170], 
[171]. In fact, bonding interfaces will fuse together due to atomic interaction under heat and 
pressure. To clarify, eutectic bonding is solid-liquid diffusion, while TCB is solid-state 
diffusion, where a solid phase direct bonding process is realized without an intermediate 
phase or intermetallic compounds (IMC). TCB is also referred as metal diffusion bonding, 
pressure joining, or solid-state welding. Almost any metal can be bonded via 
thermocompression technique, however, the requisite temperature or pressure may not be in 
a suitable or practical range for all metals. In metals, mostly Au is selected as an ideal 
bonding material because contrary to Cu-Cu/Al-Al, Au-Au bonding is known to have 
superior resistance to oxidation and contaminations [172]–[175]. In literature, Au-based 
TCB has been performed at both chip or wafer-level that holds varying temperature ranges 
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from 260-450°C and pressure of 0.1-20 MPa with bonding duration in ~2-60 minutes 
[176]–[179]. Au-based TCB is an interesting technology for achieving chip or wafer-level 
bonding at low temperature without the requirement of an electric field (anodic bonding) or 
complicated pre-bond cleaning procedure (plasma-assisted silicon direct bonding) [170]. 
Further, lowering the temperature and pressure requirements of Au-Au metal bonding will 
allow its applicability for more diverse and economical MEMS, IR sensors and 3D-ICs 
products. 
3.2 Wafer Bonding in Vertical LEDs 
In the context of III-nitride-based optoelectronics, thin-film or VLEDs fabricated by laser 
lift-off and metallic, i.e., eutectic and thermocompression WB processes have demonstrated 
improved optical, thermal and electrical properties over conventional lateral LEDs [5], 
[180], [181]. In fact, the concept and design of VLED is indebted to WB technology. This 
is because metallic WB technology provides good thermal conductivity (for heat 
dissipation), lower electrical resistance, uniform current spreading, and reduction of light 
absorption losses [85], [182]. Thus, metallic WB has gained interest in solid-state lighting 
market to enhance the LEE and/or luminous efficiency of GaN-based VLEDs [39], [183]. 
Good thermal conductivity, adequate mechanical strength, and electrical conductivity are 
known criterial parameters for high-quality metallic WB [184]. Nonetheless, state-of-the-
art material characterization and failure analysis tools are inevitable to ensure high-yield 
bonding process. In this regard, several groups have adopted different visualization 
methods, such as infrared (IR) transmission, ultrasonic, X-ray topography, SEM and TEM 
[185]–[188]. However, these approaches lack either in providing detailed information about 
the nature of bond interface (interfacial microstructures, micro-voids) or have complex 
experimental setup and manual analysis. Hence, a sophisticated microanalytical tool is 
required that can scrutinize bonding interface. SEM-based TKD technique combined with 
EDX provides a robust collection of orientation and pattern quality maps at the effective 
spatial resolution of 2-10 nm [118]. Also, its automated analysis of grain morphology with 
electron diffraction system has the non-trivial advantage over other conventional 
counterparts.  
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This work reports on a detailed microstructural characterization of the bonding between the 
device and carrier wafers of LED by means of advanced electron microscopy techniques. 
Firstly, a metal-based WB of GaN-based vertical LED is characterized at the nanoscale by 
using the combined methodology of SEM-based TKD and EDX. Peculiar SEM-TKD 
provides valuable insight into metallic-bond chemistry and reveals its grain morphology, 
i.e., grain-size distribution, grain orientation (texture), grain boundaries (GBs), and special 
twin boundaries (TBs). In parallel, high-resolution (HR)-TEM explicates defects (voids, 
diffusions) at the interface of metallic diffusion or thermocompression bonding. Based on 
SEM-TKD and TEM microstructural characterization and analytical results, further 
optimization prescriptions are given for performance enhancement of metallic bonding in 
the VLED.   
3.3  Materials and Methods  
3.3.1 Fabrication Steps in Wafer Bonding of the Vertical LED  
Section 2.1 of this thesis provides a detailed explanation of fabrication steps, and Figure 2.2 
illustrates the summary of wafer bonding mechanism [164], [180].  
3.3.2 Experimental Setup for SEM-TKD and TEM  
In SEM image (Figure 2.2(c)), we can observe that DW (top) and CW (bottom) are 
connected together by metallic WB (dotted lines towards bonding interface), wherein the 
post-bond thickness of the bond pair measured to be ~3.1-3.3 µm, i.e. Au (~1.35 µm)-AuSn 
(~240-280 nm) at CW, and Au (~1.4 µm)-AuSn (~170-180 nm) at DW. The slight variation 
of thickness in bonding medium is due to wafer’s flatness deviations or surface 
imperfections, material’s melting or reflow (inter-metal diffusions) or compression 
(deformation) and defects (voids, irregular interfaces) as of non-uniform distribution of 
pressure and thermal equilibrium, respectively [189]. Further, on both CW and DW, 
multiple stacks of adhesion/barriers sublayers are located and the functionality of these 
layers is to stop bonding metals diffusions, enhance adhesion and relax stress during the W-
W bonding process. For instance, the non-reactive barrier layer (Ti) at CW is used to 
prevent Sn diffusion (from AuSn sublayer) into either Si or Ge substrates, while at DW it 
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blocks Sn migration (from AuSn sublayer) into the reflective and GaN active layers. Also, 
generally Au does not bond well to conductive Si carrier, but Ti facilitates it [177].  
Moreover, from SEM cross-sectional image (Figure 2.2(c)), three interesting features can 
be noticed in the fabricated VLED structure: (1) eutectic bonding possesses stable interface 
without any Kirkendall voids, however, (2) At Au-Au thermocompression bonding few 
interfacial irregularities are emerged in the form of micro-voids, and (3) Au-Au bonding 
forms zig-zag (non-liner) interface. To understand them, it is necessary to investigate the 
morphology and chemical composition of metallic bonding under the SEM and TEM 
microscopy tools. Thus, for that particular region of interest (ROI), a cross-sectional thin 
(50-60 nm) electron transparent lamella specimen was prepared from a VLED die by using 
focused ion beam (FIB) process. FIB-prepared lamella steps are shown in Figure 3.1. Next, 
to investigate the metallic-bond chemistry and grain morphology, a powerful tool of Carl 
Zeiss Ultra Plus FEG-SEM with NordlysNano EBSD detector system was setup on the 
FIB-prepared lamella, as shown in Figure 3.2. The Oxford Instruments Aztec software was 
used to process TKD data and Kikuchi patterns. Further, the sample was examined under 
the JEOL 2200FS TEM. Table 2.1 summarizes experimental details. 
 
Figure 3.1 Sample preparation steps in FIB-prepared lamella. 
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Figure 3.2 SEM-based TKD experimental setup. 
 
Table 3.1 Experimental details 
3.4 Results and Discussion   
3.4.1 SEM-TKD with EDX Analysis on Metallic Bonding 
In Figure 3.3(a), SEM-EDX chemical analysis across the ROI (marked in red dotted lines) 
confirms that Au and Sn are involved in eutectic and thermocompression bondings. 
However, Au majorly occupies at the thermocompression bonding interface (Figure 3.3(b) 
and (c)). The phase analysis indicates the occurrence of Au, AuSn, and Au9Sn phases 
(Figure 3.3(d)). Figure 3.3(e) is provided to clarify the elemental and phase’s distribution, 
90 
 
particularly across eutectic and thermocompression bonding regions. Also, SEM-EDX 
phase acquisition analysis provides crystallographic parameters, e.g., crystal structure, 
lattice vectors, and space group of each phase, as summarized in Table 3.2.  
 
Figure 3.3 SEM-based chemical analyses across eutectic and Au-Au bonding interface. 
Table 3.3 SEM-EDX phase acquisition analysis 
Phases a=b c Alpha=Beta Gamma Space Group 
Au 4.08 Å 4.08 Å 90.00 ° 90.00 ° 225 (F m
-3 
m) 
AuSn (δ) 4.32 Å 5.52 Å 90.00 ° 120.00 ° 194 (P63/mmc) 
Au
9
Sn (ζ) 2.91 Å 4.79 Å 90.00 ° 120.00 ° 194 (P63/mmc) 
 
Table 3.4 SEM-EDX quantitative analysis 
Zone At.% Wt.% Phases 
Eutectic Bonding 
75.82 Au                   
24.18 Sn 
83.6 Au                 
16.4 Sn 
                                            
AuSn (δ) + Au
9
Sn (ζ)  
Thermocompression Bonding 
  85.41 Au                  
14.59 Sn  
90.67 Au                      
9.33 Sn 
Au + Au
9
Sn (ζ)  
91 
 
SEM-EDX data discerns that at thermocompression bonding interface, Au phase is 
prominent with face-centered cubic (fcc) crystal structure and lies in space group of 225 (F 
m
-3 
m). On the other hand, the main alloy for eutectic bonding is AuSn (δ) phase with 
hexagonal (hcp) crystal structure and lies in space group of 194 (P63/mmc). However, it is 
interesting to notice the existence of a new Au9Sn phase at both eutectic and 
thermocompression metallic bonding zones (Figure 3.3(e)). Table 3.5 shows that similar to 
AuSn (δ), Au9Sn has hcp crystal structure and lies in space group of 194 (P63/mmc). In fact, 
Au9Sn is a type of ζ (or zeta) phase and its further properties can be found in references 
[165], [190]–[193]. 
To further quantify the concentration of our metallic bonding zones, EDX quantitative 
results (Table III) provide at.% and wt.%. of Au and Sn. Our EDX results for eutectic 
bonding region show that the Sn concentration is ~24.18 at.% (or 16.4 wt.%), which is 
slightly lower than the standard eutectic composition, i.e., Sn concentration of 29 at.% (or 
20 wt.%). The reason is that while performing thermocompression (Au-Au) bonding 
process, inside bonding chamber a melting temperature of 310-400°C was applied across 
wafers. However, the temperature of 310°C (or 400°C) was above the eutectic melting 
point of ~278°C (at 29 at.% Sn), as depicted in phase diagram (Figure 3.4), this caused 
eutectic AuSn sublayer to be melted as well. Once the AuSn sublayers melted, some of the 
Sn from either side of AuSn sublayers (CW and DW) diffused into the Au sublayers of 
thermocompression bonding. Thus, the concentration of Sn in AuSn sublayer decreased.  
This lower concentration of Sn resulted in the higher melting temperature of AuSn layers. 
As it is believed that for every 1% a decrement in the Sn concentration, the melting 
temperature of the Au/Sn alloy increases by ~30°C [177], [194]. It means that if the Sn 
concentration was decreased to 3-4%, then the eutectic temperature of 278°C had been 
raised to ~400°C (which was actually the bonding temperature for thermocompression). 
Under such conditions, the liquid Au-Sn phase came into equilibrium with initially Au-rich 
hcp phase of ζ, i.e., ζ + L (liquid) phases form. With decreasing the temperature, Au/Sn 
alloy during solidification formed two-phase mixture eutectic structure of AuSn (δ) and the 
ζ. However, here it must be noted that while being in the vicinity of surplus Au (Au rich 
area), the ζ is not expected to convert into lower melting point phases (e.g. Au5Sn or ζ’) 
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[191], [194]. Massalski and King group also reported similar behavior that ζ phase melted 
at 522°C and was assumed stable down to -5°C (depending on Au concentration) [190]. 
Also, Yost et al. determined that the ζ phase had the lowest shear modulus (E, G) and 
Vicker’s hardness among the Au-rich Au/Sn phases, which means that it has greatest ability 
to absorb stresses thermomechanically [191].   
     
Figure 3.4 Au-Sn phase diagram [17]. 
 
In addition, EDX results determine that the concentration of Sn is ~14.59 at.% (9.33 wt.%) 
at the thermocompression bonding layer, which exactly lies in ζ phases range, i.e., Au82.4-
92 at.% Sn17.6-8 at.%. This is because ζ phases exist from the peritectic β+L  ζ at 9.1 
at.% Sn at 522°C to 17.6 at.% Sn at 278°C, and from 8 at.% Sn at -5°C to 13.9 at.% Sn at 
190°C, as depicted in phase diagram (Figure 3.4) [168]. Therefore, based on our EDX 
experimental results, it is reasonable to deduce that Sn diffused from eutectic An/Sn alloy, 
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and formed an Au9Sn (ζ) phase, which was randomly distributed in eutectic solder and Au-
Au bonding interface (Figure 3.3(e)). The distribution of Au9Sn is believed to be valuable 
as it contributes in long-term stability to metallic WB, e.g., in SLID bonding [169], [192]. 
In summary, our SEM-EDX experimental results verified that the eutectic zone consisted of 
two hcp phases: AuSn (δ) and Au9Sn (ζ), where AuSn (δ) is the dominant phase. Contrarily, 
thermocompression bonding zone formed Au and Au9Sn (ζ) phases, where Au phase 
prevailed. Hence, such SEM-based EDX qualitative and quantitative results make it 
possible to relate the observed bonding composition (phases) to processing parameters 
(materials history), i.e., how was the bonding processed, cast, and ultimately how was it 
fabricated or produced in a final shape?  Thus, SEM-based EDX chemical compositional 
results are quite fascinating to provide vital insight into metallic WB chemistry and assess 
the quality of the bonding process.  
Further, to investigate the microstructures in eutectic and thermocompression bondings, 
SEM-based TKD analysis has been performed. SEM-TKD is able to provide cross-
sectional morphology and nano-structural characterization of crystalline material. SEM-
TKD has identified key microstructural features at the bonding interface, such as band 
contrast (BC), grain size, GBs, special TBs, inverse pole figure (IPF), texture or pole 
figures (PFs) and Kikuchi diffraction patterns, as shown in Figure 3.5.  
To elucidate the microstructural features of Au-Au thermocompression bonding interface, 
magnified images of this region have been taken from Figure 3.5(b), as represented by 
dotted blue lines, and are shown in Figure 3.5(f). In pattern quality images, BC reveals 
microstructure in a certain qualitative fashion (orientation contrast) [195]. In Figure 3.5(b), 
BC for Au-Au bonding interface tends to have light contrast (high pattern quality), while 
underlying eutectic region appears dark (low pattern quality). This is due to electron 
backscattering patterns (EBSP) produced in the SEM-TKD system, for instance, EBSP 
along GBs tends to be visible as dark (low pattern quality) features.  
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Figure 3.5  SEM-TKD on the metallic bonding. (b) Band contrast (BC). (c)-(e) Inverse pole figures (IPF) in x, 
y, z directions. (f) Au-Au bonding interface: grain boundary (GB), phase mapping, special twin boundaries 
(TBs) marked red lines with Σ3 60° orientation graphs, pole figures, and Kikuchi patterns. 
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In grain size analysis, it is manifested that eutectic solder has fine grains with a grain size 
~120-240 nm, while Au-Au bond interface is constituted by nanocrystalline grains with the 
mean grain size < 50-80 nm at a step size of 2-3 nm. The formation of ultrafine grains at 
eutectic solder is because AuSn is the dominant phase, and such microstructure depends on 
eutectic alloy composition and temperature cycles. Further detailed information regarding 
phase transformation can be found in references [165], [196], [197]. However, in Au-Au 
TCB, the reason behind the formation of peculiar nanocrystalline grains is solid-state 
(metal) diffusion process. In fact, when two metal bonding surfaces are brought in contact 
by applied pressure; a plastic deformation occurs, which allows the diffusion of metal 
atoms (atomic motion). As that diffusion continues, hence the grain growth prevails across 
the bond interface. The grain growth rate depends on the initial microstructure, i.e., if the 
microstructures are very fine, grains grow rapidly. To further enhance the deformation for a 
given pressure, heating the metals not only accelerates the diffusion rate but also slightly 
softens the metals, as well. Hence, Au diffusion bonding is based on Au atoms migration, 
and its grain growth depends on the bonding applied force, temperature and duration. 
Further, in GB orientation analysis, most grains at Au-Au bonding interface have high-
angle GBs (> 10°) and special TBs, as shown in Figure 3.5(f), where high-angle GBs are 
marked in black and TBs in red lines. SEM-TKD data identifies these special TBs at Au-Au 
bonding interface as coherent site lattice (CSL) with Sigma-value three (Σ3) at 60° 
misorientation angle, as indicated in Figure 3.5(f) Sigma-value and misorientation graphs. 
In orientation mapping, inverse pole figures (IPFs) in x, y, z directions (Fig. 6(c)-(e)) show 
the existence of grains with different crystallographic orientations by appearing in different 
colors (colors according to the orientation triangle for fcc and hcp; legends for IPF maps 
are displayed). In addition, PFs and Kikuchi diffraction patterns show that Au and Au9Sn 
phases have fcc and hcp structures, respectively. However, their PFs exhibited a weak 
preferred crystallographic orientation. Particularly at Au-Au bonding interface (Figure 
3.5(f)), a subset with detection of almost ~200 grains have been taken into account, and it is 
manifested that the Au-Au interface grains have no specific texture or less pronounced 
<111> texture, i.e., in {111} plane. This suggests that Au film might require a lower 
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applied stress to initiate plastic deformation because it has shown random crystallographic 
orientations (anisotropic nature), as shown by TKD IPF maps (Figure 3.5(c)-(e)).  
Hence, SEM-TKD concludes that AuSn (eutectic solder) has ultrafine grains; while Au-Au 
(TCB) interface has nanocrystalline grains with special (Σ3) CSL twin boundaries 
misoriented at 60° but possess weak <111> texture. On that account, SEM-TKD with EDX 
technique has substantial potential in providing a detailed microstructural characterization 
of metallic bonding. Further, it facilitates to associate the observed microstructural features 
to the structure-property-performance relationship, which is explained in the discussion part 
of this work. 
3.4.2 HR-STEM Analysis on the Metallic Bonding  
Figure 3.6(a) shows the cross-sectional STEM image of the Au-Au bonding interface, 
which also reveals voids at the nanoscale with polygranular structures. Further, HR-bright-
field images and diffraction patterns manifest that nano-grains had special twinning of Σ3 
(111) TBs obtained under [1-10] direction (Figure 3.6(b)-(d)). In fact, these TBs at Au-Au 
interface were induced by stacking faults, i.e., deformation lamellae [198], as shown in 
Figure 3.6(c) (the region marked in red dotted lines).   
 
 
Figure 3.6 (a) Cross-sectional STEM images across the Au-Au thermocompression metallic bonding. (b) 
Diffraction patterns and nanoscale grain boundaries (GBs). (c) Stacking faults (red dotted lines), and (d) 
special Σ3 CSL twin boundary (TB) with twinned regions (blue and red). 
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Figure 3.7 TEM-EDS-based chemical analyses across Au-Au bonding interface. (a) Line scan (yellow). (b), (c) 
Band spectrum and atomic-% of Au and Sn elements. 
 
Twinning in fcc metals often occurs during deformation across the slip planes due to their 
low stacking fault energies. This shows that Au-Au bonding interfaces fuse together due to 
atomic interaction (plastic deformation) under the applied pressure and heat. And, such 
bonds basically involve three steps: 1) interface formation (surface diffusion), 2) crystal 
misfit accommodation, and 3) grain growth with special TBs formation. These TBs are a 
special class of GBs in which the grains on either side of the boundary are related by mirror 
symmetry, as shown in Figure 3.6(d). Such TB symmetrical structure reduces the free 
volume and GB energy and may provide an Au-Au bonding with unique combinations of 
high strength and good ductility, conductivity, and thermal stability.  
In Figure 3.7(a)-(c), TEM-EDX line-scan chemical analysis across the Au-Au bonding 
interface confirms the diffusion of Sn with ~10-18 at.% Sn. Such distribution of Sn 
contents in Au-rich bonding zone corresponds to ζ phase (Au82.4-92 at.% Sn17.6-8 at.%) 
as per Au-Sn phase diagram (Figure 3.4). These TEM-EDX results are quite consistent with 
SEM-EDX measurements that Sn migrates from eutectic AuSn sublayers into Au-Au 
bonding interface. Hence, SEM and TEM results proved that Sn diffuses into Au-Au TC 
bonding, and forms a ζ phase. Thus, TEM results revealed surface (atomic) diffusion and 
special TB reactions across the Au-Au bonding interface, which plays a vital role in the 
failure or success of TC bonding. 
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3.4.3 Correlating SEM and TEM Results 
SEM-TKD and STEM results are quite beneficial as they contribute to relating observed 
microstructural features to the grain size have inverse relationship, microstructure-
properties-processing-performance paradigm. For instance, in context of correlating grain 
morphology analysis to material properties and metallic WB performance, it is evident that 
grain size at metallic bonding will impact the thermal, electrical, mechanical or optical 
properties of thin film LED. This effect is mainly attributed to the mechanism of atomic 
diffusion, electron (charge) or photon trapping related to the GBs. For instance, according 
to Hall-Petch law for yield stress dependence on grain size, the yield strength and grain size 
have an inverse relationship, i.e., yield strength increases with decreasing grain size as d
1/2
 
(where d is the grain size) [199]. Here, the ultrafine grains at the eutectic joint promote high 
yield strength; however, Au-Au bonding interface has slightly more yield strength as of 
nanocrystalline grains. Also, small grain size means more GB areas or diffusion paths exist, 
thus improves Au atoms diffusion across the bonding interface.  
In addition, the angle of orientation also influences the metallic WB properties as well, such 
as thermal conductivity, since anisotropic oriented grains have higher conductivity 
compared to random or isotropic oriented grains [198]. Our TKD IPF maps (Figure 3.5(c)-
(e)) vindicated that Au-based interface has an anisotropic behavior, which reflects its high 
conductivity. In parallel, the angle of orientation impacts WB strength and electrical 
properties. Besides, it is known from previous studies that to enhance material’s strength, 
HAGBs are required because they are more resistant to dislocation motions [200]. In our 
metallic bonding case, Au-Au thermocompression bonding interface holds prominent 
HAGBs (>10°) (Figure 3.5(f)). Thus, a combination of fine grain size with HAGBs 
evaluates metallic bonding strength [200], [201]. However, it should also be noted that in 
microelectronic devices, HAGBs are more electrical resistant with the exception of the 
special type of high angle 3 twin boundaries (TBs) [202], [203]. In fact, special TBs with 
less interfacial energy have low electrical resistance and less mobility compared to HAGB. 
Interestingly, such TBs have formed at Au-Au thermocompression bonding (Figure 3.5(f) 
and Figure 3.6(d)). The reason is that it is the tendency of fcc metals to form TBs, which is 
related to the TB energy, i.e., those with low TB interfacial energy forms twins [204]. Such 
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special high angle 3 (60°) TBs at Au-Au bonding interface have significant advantages: 1) 
they are considered to be poor pathways for electromigration (EM) voiding [205], [206], 2) 
TBs with relatively low mobility contributes in a high degree of microstructural stability, 3) 
TBs improve electrical conductivity because of their low resistance [207]. Nevertheless, 
TBs have already shown an increase in the strength in other fcc metals (Cu, Al, Ni, Ag, 
etc.) by acting as barriers to the transmission of dislocations [208], [209]. Moreover, such 
special TBs have significant benefits on electrical properties, which will imperatively 
contribute towards the lifetime of the indispensable metallic WB layers in the VLED. Thus, 
the robust technique of SEM-TKD facilitates us to understand the GB engineering at 
metallic WB interfaces.  
Furthermore, in context of correlating microstructural characterization with possible failure, 
our combined results from SEM-TKD and STEM with EDX tools enabled us to provide 
reasons for the concern three points mentioned in section 2 of this paper. Regarding the first 
finding, our fabricated eutectic joints (AuSn sublayers) are stable and have no Kirkendall 
voids. Besides, in previous works, such voids have been substantially reported as an issue 
in these types of eutectic joints [187], [192], [210]. For instance, Kirkendall voids located 
in between AuSn (δ) and Au5Sn (ζ’) phases [187]. The fact is that for typical eutectic joints 
a mixture of AuSn (δ) and Au5Sn (ζ’) microstructures are mostly formed. However, AuSn 
(δ) has a hexagonal crystal structure, while Au5Sn (ζ’) has a trigonal crystal structure. Such 
varied combination of crystal structures might cause lattice mismatch and furthermore on 
thermal stresses (heating cycle). That creates vacancies, which might result in void 
formation in such type of eutectic solders. On the other hand, EDX measurements of our 
stable eutectic bond showed that it consisted of two AuSn (δ) and Au9Sn (ζ) phases, and 
both have hcp crystal structure to mitigate lattice mismatch. Additionally, Zakel et al. and 
other previous studies on properties of Au/Sn phases reported that contrary to ζ’ phase, ζ 
phases have the greatest capability to absorb stresses thermomechanically, and also acts as 
diffusion barrier for Kirkendall void formation, thus promotes stability of the eutectic 
bonds [192], [193].  
In relation to grain morphology, eutectic (AuSn) layer has somewhat coarse grains (larger 
grain size) compared to Au-Au bonding interface (Figure 3.5). In such coarse grains, small 
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GB areas (or narrow diffusive paths) are available, which contribute in stability of the 
diffusion barriers. As coarse grains are most effective either in filling voids/holes at 
HAGBs or in reducing sources of vacancies, thus, yields in higher median time to failure 
(MTTF) [208]. Apart from that, coarse grains help in minimizing hillocks (short circuit) 
formation and reduce film resistivity (less scattering of charge carriers). Further, 
electromigration (EM) lifetime is highly influenced by the grain size distribution and the 
texture [212]–[214]. Because EM normally occurs via diffusion along GBs, hence to reduce 
the GB area for diffusion, grain size needs to be increased. This minimizes the trapping of 
charge or photons since there are fewer sources of vacancies or less fast diffusion paths will 
be available for them. Moreover, asymmetry in PFs of Au-Au TCB implied that their grains 
have weaker or non-existent preferred orientation (texture). For instance, lack of strong 
<111> texture at Au-Au interface degrades the lifetime, i.e., a lower mean time between 
failures of the metallic bonding [215].  
3.5 Issues Addressed in Metallic Bonding  
Regarding the other two issues, i.e., formation of the micro-voids and zig-zag interface at 
Au-Au TCB are induced by low applied bonding pressure and high temperature. Although 
in previous literature, studies on Al-Al or Cu-Cu TCB also reported similar defects (voids) 
and zig-zag interface as a result of low bonding pressure and high temperature, respectively 
[173], [216]. However, possible reasons in Au-Au TCB are as below:  
(1) Micro-voids reflect incomplete bonded interface because of low bonding 
pressure. Since during the bonding mechanism, Au atoms acquire sufficient 
energy to diffuse rapidly and Au grains begin to grow. In order to obtain higher 
bond strength, Au diffusion must happen across the bonding interface and the 
grain growth also needs to progress across the interface. If the applied pressure is 
too low or bonding duration is less (e.g. < 5 minutes), the inter-diffusion of Au 
atoms across the bonding interface is limited. Hence, Au grain formation stops at 
the bonding interface, which generates micro-gaps in form of voids, thus will 
reduce bonding strength. More importantly, less Au grains formation across the 
bonding interface will also reduce the number of GB’s or less number of paths 
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will be available for diffusion, which will impact the thermal conductivity of the 
Au-Au bonding interface. However, by increasing the uniform pressure, GB 
sliding could assist in reducing the voids at the interface. 
(2) Void formation at the Au-Au interface also might be due to the production and 
motion of dislocations under applied thermocompressive stress. Gondcharton et 
al. observed similar void formation resulting from the Cu-Cu bonding and 
explained a possible mechanism involves thermocompressive stress [217]. In 
addition, when the structure is bonded at the higher temperature, the interface 
between two metal surfaces (Au-Au) develops zig-zag GB (path) due to the 
diffusive creep, i.e., at high temperature, metal becomes extremely soft that 
results in reorientation of the interface GBs.  
(3) Moreover, voids or zig-zag interfaces might be on account of surface roughness, 
which induces non-uniform bonding pressure. Because, once the surfaces are 
brought together by the application of pressure but due to surface roughness, 
bonds initially form where the surfaces touch at asperity contacts. Simply, the 
bonding will occur only on some areas due to non-homogeneous force 
distribution. Therefore, some portion of surface remains un-bonded, which 
ultimately leads towards low dicing yield or weak bond strength.   
Thus, such micro-voids or zig-zag interfaces act as points of failure and impact the thermal 
or electrical conductivity of metallic WB, consequently degrade the overall performance of 
the VLED.  
In summary, with the insights provided by such images from SEM-TKD and STEM, 
material engineers can manipulate the chemistry (via doping) or remove the defects 
(through the process control) to design high-quality wafer bonding interface. Further, these 
microscopy results open new approaches and optimization perspective to standardize wafer 
bonding mechanism.  
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3.6 Prospective Optimization  
To achieve high quality and reliable metallic wafer bonding, prospective optimizations are: 
(1) Although, so far eutectic AuSn bonding has been recognized as superior high-
temperature performance, high mechanical strength, fluxless bonding, and excellent 
electrical and thermal conductivity. However, maintaining the desired eutectic 
composition requires extreme accuracy and close control of temperature. This is 
because for every 1% decrement in the Sn concentration, increases the melting point 
of the solder by ~30°C, thus makes it unstable solder. Alternatively, high thermal 
(HT) stable interconnect techniques such as SLID, also known as transient liquid 
phase (TLP) bonding can be used for wide-bandgap packages [169], [218], [219].  
(2) Bonding parameters such as temperature control, pressure uniformity, surface 
roughness, bonding equipment, wafers alignment system, and more importantly 
diffusion rate as a function of metal type need to be optimized. For instance, the 
high temperature or pressure could damage underlying thin films of the VLED. 
Hence, for Au-Au diffusion bonding, a temperature around 300-310°C will be quite 
suitable to achieve a successful bond [175]. The reduced maximum temperature can 
be attributed to the increased thermal conductivity of Au as compared with that of 
AuSn; 317 W/m-K versus 57 W/m-K [191]. Also, wafer bonding on metal alloy 
substrates can be an alternative approach that can provide a very high thermal 
conductivity of 400 W/m.K [54], [220]. 
(3) To rectify the issues of voids or zig-zag interface formation, very low pressure or 
too short bonding duration and the high temperature should be avoided. Their 
low/high threshold values need to be determined depending on properties of metal 
being used [221]. Also, surface contamination and wafer bow are the critical factors 
that affect the bonding uniformity. Thus, prior to the bonding process, surface 
treatment should be performed to remove organic contaminations. In addition, 
surface roughness must be tested and measured by AFM or SPM tools to get 
smooth metal surfaces for diffusion bonding.  
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(4) Also, the thickness of bond film needs to be considered in W-W bonding, e.g., using 
a thin metal film as a bond medium necessitates high bond pressures to ensure 
elastic deformation of the wafers for achieving conformal void-free bonding [189]. 
However, high bond pressures produce surplus residual stress on wafer surfaces, 
which can result in defects. Further, the thin bond medium is normally sensitive to 
wafer flatness and total thickness variation therefore can leave gaps or voids at the 
bond interface because of wafer surface imperfections and non-uniformities. Hence, 
selection of the optimum thickness of bond medium is critical for high yield W-W 
bonding.   
(5) In the selection of wafers substrates, the difference of coefficients of thermal 
expansion (CTE) between substrate and chip must be evaluated. Since the metal 
diffusion requires a good control of the CTE differences between the two wafers to 
prevent thermal stresses. In addition, for VLED devices, laser lift-off or chemical 
lift-off should be substituted with natural substrate lift-off techniques to mitigate 
tensile stresses [222].  
(6) Even though, diffusion barriers (Ni/Ti/Pt/W or Ti/TaW) are used to protect active 
layers of DW or substrate of CW [177], [223]. However, these barrier layers should 
also be incorporated in between eutectic and Au-Au bonding regions to avoid Sn-
related diffusions and other contaminations. Also, such thin barriers or cavities 
would reduce thermal or mechanical stress failures [224], [225]. Non-metallic 
diffusion barriers (e.g., SiOxNy, SiCN) would have a significant edge over metallic 
barriers because of their closely matched CTE to dielectric (substrate) materials.  
(7) Moreover, in thermocompression bonding, an addition of tertiary element with traits 
of high thermal or low electrical resistivity (e.g., alloys of Au-Au-Cu/Ag) would 
mitigate electromigration-voiding issues. Alternatively, Ag-Ag thermocompression 
bonding can be used because of its higher thermal conductivity and lower bonding 
cost [226]. 
(8) In terms of GB engineering, more fine grains and special nano-TBs should be 
promoted by applying uniform pressure. Fostering high-density twins significantly 
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improve the mechanical strength of the Au/Ag-based bonding interface, which 
might make Au/Ag metals more attractive for various industrial applications, such 
as in microelectronics. 
(9) In parallel, new microscopy and failure analysis tools should be introduced for bond 
characterization, e.g., atom-probe tomography [31] would provide 3D atomic-scale 
insight into microstructures of W-W bonding, which helps in better understanding 
of bonding defects. Thus, it enables design engineers to improve the bonding yields, 
ultimately promotes the production of high-power and high-efficient VLEDs in the 
market.  
3.7 Conclusion and Future Outlook 
In summary, a detailed microstructural characterization and analysis on metallic bonding of 
vertical LED have been performed by applying SEM-TKD and TEM techniques. SEM-
TKD combined with EDX tool identified the elemental segregation, grain size distribution, 
grain orientation, special twin boundaries, and phases at metallic bonding. Robust SEM-
TKD proved to be an effective technique in correlating grain morphology and texture 
analysis to device failure, which contributes towards performance optimization for 
enhancing the efficiency and lifetime of the VLED product. Subsequent TEM results also 
validated the SEM-TKD data and exhibited detailed characterization of bonding interface-
related defects and nano-twinned boundaries.  
Thus, the results from SEM-TKD and TEM are quite beneficial in understanding the origin 
of microstructure formation, especially the existence of nanocrystalline grains with special 
twin boundaries at Au-Au interface will attribute towards twin-induced strengthening 
mechanism in wafer bonding.  In addition, microstructural features obtained from SEM-
TKD and TEM are significantly important in associating them to the structure-property-
process-performance relationship, which helps in the better discernment of materials design 
paradigm. We believe that our correlative microscopy results provide a valuable 
contribution to the improvement of wafer bonding in electronic production processes. 
Further, based on these results, new opportunities will be opened for scientists and 
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material’s engineers in the field of optimization of microelectronic materials, and devices, 
particularly in the prototyping of metallic bonding in optoelectronics sector.  
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 Chapter Four                     
Insights into the Silver 
Reflection Layer of a Vertical 
LED for Light Emission 
Optimization 
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4.1 Functionality of a Silver layer in Vertical LEDs?  
As discussed in Chapter 1 of this thesis that the 2014 Nobel Prize in Physics for the 
invention of efficient blue LEDs enabled bright and energy-saving white light source, 
which are based GaN VLEDs [227]. Despite VLED possesses superior performance with 
the efficiency approaching 60- 80%, still it needs improvement, particularly on the 
luminous efficacy and admittedly EQE. In order to enhance the EQE (ƞEQE), three factors 
namely injection efficiency ƞinj, IQE (ƞIQE) and the LEE (ƞextr) are critical because of ƞEQE = 
ƞinj . ƞIQE . ƞextr. 
In the context of LEE, extraction of the high count of generated photons from the active 
region, i.e., MQWs (Figure 4.1), is an essential requirement for high-brightness LED 
devices. In this regard, a highly reflective mirror incorporated with a textured or scattered 
surface [5], [48], [228]–[230] has been shown as an effective approach to improve the LEE 
as compared to other techniques [231]. It is believed that incorporating a reflective coating 
in nitride-based LEDs increased the light output by about 200% as compared with 
conventional LED devices (without the reflective layer) [50].  
The concept is to confine the light to the GaN layer by a bottom reflective mirror and to 
extract the light via a textured surface at the top side of an LED chip, as illustrated in 
Figure 4.1). In this way, the generated photons are reflected from the highly reflective 
mirror layer at the bottom, and they finally escape from the top textured surface of LED 
rather than being absorbed by the base substrate or the lead frame in the LED package. 
Thus, the reflective layers have been widely adopted in the LED chip design to maximize 
the LEE by major LED vendors [232]–[234]. Among various highly reflective materials, 
Ag is an ideal choice for green and blue GaN-based light emitters because of the high 
figure of merits, including electrical resistivity (lowest of all metals), high thermal 
conductivity (highest of all metals, except nonmetal diamond), low absorption, and the 
highest optical reflectivity (reflects visible wavelengths ~400 - 650 nm more efficiently 
than other readily available conductive metals, e.g., copper, aluminum, and gold) [37], 
[235]. Besides, the Ag layer also acts as the p-electrode, which enhances not only the LEE 
but also the output power of LEDs [48], [236], [237]. However, the concrete effects of the 
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interface between GaN and Ag, and the grain morphology of the Ag layer on the LEE are 
still blurred, which impedes the improvement of the reflective layer in LEDs. Therefore, a 
detailed systematic investigation of the Ag layer on the atomic scale is essential to facilitate 
the designing and engineering of high-performance LEDs. Also, such investigations are 
crucial for optimizing the Ag reflective layer as they will open new opportunities to further 
improve the luminous efficacy and light output power of LEDs.  
In this work, various aspects affecting the Ag reflectivity have been scrutinized, including 
interfacial diffusions, crystallographic structure and defects, texture, GBs, special 
boundaries (SBs), interface boundaries, and surface roughness, which have substantial 
effects on the LEE. Elemental diffusions in and between GaN (semiconductor) and Ag 
(metal) reflection layers were determined by EDX of SEM and STEM. Grain morphology 
of the Ag reflective layer was analyzed by SEM-based TKD and EBSD techniques. SEM-
TKD, a sophisticated microanalytical technique provided a robust collection of grain 
orientation, SBs and pattern quality maps at a spatial resolution of 2 - 10 nm, with the 
significant advantage over other techniques. In parallel, SEM-EBSD facilitated the detailed 
microstructural characterization of the top surface of the bulk Ag reflective layer. Further, 
surface topography (surface roughness) was examined by AFM. Finally, on the basis of 
these correlative microscopy results, suggestions are presented for performance 
optimization of GaN-based VLEDs. 
4.2 Materials and Methods  
As explained in Section 2.1 of this thesis that the process flow of fabricating VLEDs 
involved mainly four steps [38], [57], [238]: (1) MOCVD of epitaxial layers grown on a 
sapphire substrate, and deposition of a reflective mirror by electron-beam evaporation, 
diffusion barrier, adhesive, and bonding metal layers; (2) wafer bonding to carrier substrate; 
(3) removal of the sapphire substrate by using laser lift-off technique; and (4) surface 
structuring on the LED die.  
In step (1), usually, to optimize Ag contact in terms of ohmic contact and optical 
reflectivity, thermal annealing was performed at temperatures of 300−600 °C for 1 min in 
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N2 or O2 ambient. However, the O2 annealed samples showed better linear ohmic 
characteristics as compared with N2 annealed samples (non-linear rectifying behavior) [R].  
Also, contrarily to N2 annealed samples, the reduction of contact resistivity is three orders 
of magnitude by O2 annealed samples.  
The schematic cross-section of the final VLED device is illustrated in Figure 4.1. 
 
Figure 4.1 Cross-sectional schematic of VLED. 
The GaN-based blue VLED sample was analyzed with a set of powerful microscopic 
techniques as summarized in the supporting information section (Table 4.1S). TEM and 
SEM-TKD require the region of interest (ROI) on a sample with thickness around 60 -100 
nm, and accordingly, lamella specimen was prepared and mounted on a Cu/Mo grid in 
accordance with the standard TEM foil preparation procedure based on focused ion beam 
(FIB) lift-out techniques [108], as shown in Figure 4.2. Furthermore, the sample chemistry, 
surface morphology, compositional variations and crystallographic texture were determined 
by EDX and Nordlys-nano EBSD detectors, equipped in a single Carl Zeiss Ultra Plus 
SEM [118]. For TKD analysis, a standard 70
°
 tilted TKD sample holder was used, on which 
the specimen was mounted on, and experiment was carried out at 20
° 
stage tilt to align the 
ROI surface at 90
°
 (70
° 
+ 20
° 
= 90
°
) toward the EBSD detector, as shown in Figure 4.9S. 
Thereafter, the TKD patterns were recorded and processed by the Oxford Instruments 
Aztec software. In addition, the roughness (surface topography) of the Ag reflection layer 
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and its interface with GaN were further examined by AFM and FEI Titan Themis Z (probe) 
aberration-corrected STEM at 300kV, respectively.  
 
Figure 4.2 Sample preparation by FIB. (a)-(g) for STEM and SEM-TKD analyses. 
4.3 Experimental Results and Discussion  
4.3.1 Elemental Diffusion 
SEM-EDX spectra collected along the yellow marked line in Figure 4.10S provide rapid 
identification of the quantification of the compositional variations across the multilayered 
device structure. It indicates that the interface between Ag (metal) and GaN (semiconductor) 
layers is somewhat diffused. The complete stack of elemental analysis is detailed in the 
supporting information (Figure 4.10S). Also, Table 4.2S provides the lattice parameters of 
the phases (Figure 4.11S) identified by the EDX data.  
Robust compositional analysis across the multilayered device through SEM-EDX was very 
beneficial to locate the elemental inter-diffusion on a micron-scale for a broad field of view. 
However, the spatial resolution of SEM-based EDX was not high enough to investigate the 
delicate nanostructure of samples involving QWs and elemental inter-diffusion or 
interfacial diffusion (Ag/-GaN). Therefore, aberration-corrected HR-STEM was employed 
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to measure the accurate compositions on the atomic-scale. In Figure 3, cross-sectional 
layers enriched with different elements are differentiated using different colors. In Figure 
4.3(a), STEM-EDX mapping shows that Ag reflective layer is followed by epitaxial layers 
that consist of GaN, Al as the electron blocking layer (EBL), the active region comprising 
four pairs of InGaN/GaN MQWs, and In-based superlattice with stress release functionality. 
Given the importance of elemental diffusion occurring within the active region (MQWs) 
and at Ag-GaN interface, Figure 4.3(a)-(d), STEM-EDX results provide three interesting 
aspects of diffusion: 1) In and Ga migration into Ag reflective layer, 2) Ag (metal) 
migration into GaN (semiconductor), especially into active region (MQWs), and 3) Ag-O 
and Ag-Ga bond formations at the Ag and GaN interface. 
1) The STEM-EDX line spectrum (Figure 4.3(b) and (c)) reveals that In is quite diffusive 
and migrates into the Ag reflection layer. Also, it can be observed from Figure 4.3(c) and 
(e) that the In distribution in MQW’s is inhomogeneous, i.e., two pairs of MQW’s towards 
the Ag side have slightly less atomic% in relationship to other two pairs of MQW’s toward 
the superlattice end. This verifies that the source of In diffusion into the Ag layer is from 
either InGaN/GaN-based MQWs or In-based superlattice. The reason for In diffusion and 
In content fluctuations along the MQWs is the well-known thermal variability 
phenomenon, which is related to the difference in growth temperature between the GaN 
layers and InGaN wells. The high growth temperature of p-GaN (hole transport layer) and 
later Ag thermal annealing process at higher temperatures attribute to the In re-evaporation 
or thermal damage to InGaN/GaN MQWs [239]. Consequently, out-of-plane In diffusion 
penetrates into Ag mirror layer and the In content in the QWs decreases, particularly for 
those QWs that are located close to the interface of p-GaN and Ag. This nanoscale 
inhomogeneous distribution of In will seriously change the potential profile of InGaN/GaN 
MQWs because of In segregation at the Ag mirror layer. This is because the optoelectronic 
properties of LEDs are very sensitive to the In content distribution in the InGaN well 
layers, and any alternation in the In composition profile has both a direct and secondary 
effects on the LED device band structure [240].Subsequently, this results in the reduced  
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Figure 4.3 (a) STEM-EDX elemental chemical analysis. (b), (d) High-angle annular dark-field (HAADF) 
images. (c), (e) Line spectrum across the MQWs and GaN-Ag interface. 
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overlap between the electron and hole wave functions in the InGaN quantum well layer, 
and thus decreases the IQE. Moreover, In diffusion into the Ag mirror layer will also 
impact optical (reflectivity) and electrical (resistivity) properties of LED as well. Ag 
reflectivity gets reduced because of lattice distortion caused by In diffusion [73]. Also, any 
impurity in the Ag mirror layer degrades its surface quality and hence increases its contact 
resistivity, which leads to lowering of the wall-plug efficiency (amount of light power 
produced compared to the electrical power applied) of VLED.  
2) It is important to note that the Ag-GaN interface is not abrupt and that the Ag metal gets 
diffused into the GaN semiconductor layer, as indicated from the STEM-EDX line 
spectrum (Figure 4.3(b) and (c)). Possible reasons involve poor adhesion between the Ag 
reflective (metal) and GaN (semiconductor) layers, different thermal annealing 
(temperature cycle) and lattice mismatch (stress) during the fabrication of GaN and Ag 
layers [241], [242]. Furthermore, thermal annealing, which is performed in the O2 ambient 
environment to lower the contact resistivity of Ag metal, exhibited interdiffusion between 
Ag and GaN, which disrupts Ag-GaN interface (Figure 4.3(d)) [243]. In this case, 
interfacial Ga vacancies will be generated substantially, which can degrade the Ohmic 
contact (metal-semiconductor junction) or change energy levels (e.g., Schottky barrier 
height) [22], [244]. In addition, dissimilar properties between the Ag metal and GaN 
semiconductor materials (Table 4.3S) can potentially result in unwanted diffusion and 
intermixing. For instance, lattice mismatch (strain) and different miscibility between 
different materials can cause Ag atoms into the upper layer of GaN (as no barrier layer 
exists), which will lead to inhomogeneous distribution of carrier concentration or photon 
transport at Ag/p-GaN interface and, ultimately influence the optical and electrical 
performances of VLEDs.  
Moreover, the chemical distribution map in Figure 4.4 reveals that Ag further diffused into 
the QWs (active region), even contaminated and disrupted the In-based superlattice layer. 
Such excessive Ag diffusion into the GaN region will mainly affect the crystal quality of 
QWs, as shown in Figure 4.4(b) (yellow marked circles). The degradation of the crystal 
quality of InGaN/GaN MQWs will decrease the efficiency of the active region in 
generating photons by varying the energy levels (bandgap). This additional reliability issue  
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Figure 4.4 (a) STEM-EDX analysis showing Ag diffusion into InGaN/GaN-based MQWs. (b) HR-STEM 
HAADF images showing the Ag particles contamination (yellow marked) into quantum wells making their 
interfaces non-abrupt.  
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of the Ag is due to its electromigration property, and such interfacial reactions between the 
Ag metal and GaN were also addressed by other groups using the secondary-ion mass 
spectrometry (SIMS) technique [242], [243], wherein Ag diffused into the light-producing 
active region (MQWs), thereby creating deep levels in the GaN semiconductor material and 
hindering the light output [46]. Furthermore, Ag migration inside of the MQWs serves as a 
non-radiative recombination centers that can shift the spectrum (optical wavelength) of a 
particular blue LED device by impairing the carrier confinement and transport mechanism 
at the active region of the LED. Consequently, diffusion of Ag (metal) into GaN 
(semiconductor) or MQWs (active region) will not only reduce the IQE but also the overall 
EQE of the VLED device.  
3) In Figure 4.3(a), STEM-EDX analysis indicates Ag oxidization at the Ag-GaN interface, 
which is consistent with previous reports regarding the Ag thermal instability issues, such 
as Ag oxidization post-annealing, void formation, and agglomeration due to thermal 
annealing process (500-600 °C) performed in O2 ambient environment [245], [246]. Also, 
in Figure 4.3(c), the long diffusion tail of Ga in the Ag layer clearly indicates the 
dissolution of Ga atoms in Ag. Thus, the formation of Ag-O and Ag-Ga bonds at Ag-GaN 
interface indicates the oxidation of Ag, and existence of Ag-Ga solid solution, respectively. 
The reason is that the oxygen molecules, which get incorporated during oxidation annealing 
result in decomposition of the GaN-Ag interface to form GaOx rather than GaN because 
Ga-O has higher bonding strength compared with the Ga-N bond and thus contributes Ga 
out-diffusion to Ag metal layers. After the oxidation annealing process, while the Ag layer 
was brought in to make a direct contact with the p-GaN layer, the Ga atoms from the GaN 
layer dissolved into Ag layer to form Ag-Ga solid solution because of the high solubility of 
Ga in Ag [242]. In fact, Ag in-diffusion promotes the Ga-out diffusion. Hence, such Ag 
oxidation and agglomeration degrade the Ag surface morphology and subsequently reduce 
the reflectivity of the LED device. 
In the context of optical reflectivity, Ag is considered as the most common reflector for the 
GaN-based flip-chip or VLEDs because of its good Ohmic characteristic on p-GaN, and 
high reflectivity at ultraviolet visible regions. However, the (2) and (3) aspects of Ag 
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diffusion discern that the Ag reflector undergoes electromigration and thermal degradation 
issues, such as Ag oxidization and/or agglomeration upon annealing, which lead to the 
degradation of LED performances.  
In summary, In and Ga show out-diffusion into Ag layer, whereas Ag tends to diffuse into 
the GaN region during the LED manufacturing process. In/Ga diffusion into Ag degrades 
the reflectivity of the Ag mirror layer, whereas the composition variations or reactions 
induced by the diffused Ag into the GaN region can compromise the IQE of the LED by 
forming non-radiative recombination or scattering centers in an active layer. Hence, 
whether semiconductor material diffuses into the metal layer or vice versa, in either case, it 
will impact the performance of the finished VLED product. 
Overall, these findings from the STEM analysis are critical in exploring the origin of 
decreased luminous efficiency; for instance, almost 60% of IQE has been achieved so far 
for the blue LEDs operating at a wavelength (λ)∼ 450 nm [67], and still there is a potential 
to improve its performance by optimization. Moreover, these results suggest the different 
diffusion widths that originate from the growth temperature variation (between GaN, 
InGaN and Ag layers), and the non-availability of the diffusion barrier between Ag and 
GaN interface. To mitigate such in/out-diffusion issues, the Ag-GaN interface needs to be 
optimized by incorporating appropriate transparent barrier layers, for example, tin-zinc 
oxide interlayer [244]. Also, the formation of Ag–O and Ag alloy (Ag–Ga) during the 
thermal annealing process can be suppressed by having a multilayer stack of 
Me/Ag/Ru/Ni/Au  (where Me = Ni, Ir, Pt or Ru) contacts or barriers for high-power GaN-
based VLEDs [242]. Further suggestions are listed in the optimization section. 
4.3.2 Grain Morphology 
4.3.2.1 Vertical Thin Sample (SEM-TKD) 
Another factor that affects the quality of the Ag layer and the LEE is the grain morphology. 
The grain morphology of the Ag mirror layer needs to be scrutinized to correlate its impact 
on transport related properties, such as electrical resistivity, reflectivity, mass transport, and 
thermal conductivity [201], [212], [247].   
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In this regard, powerful SEM-based TKD with a spatial resolution of 2-15 nm provides key 
nanostructural information, such as orientation mapping (OM), grain size analysis, poles 
figures (PFs, texture), and Kikuchi diffraction patterns [118]. SEM-based TKD and EBSD 
techniques have a significant advantage over other counterparts because of their automated 
analysis of grain morphology with diffraction system [248], [249]. Automated analysis of 
grain morphology is inevitable because grains and their GBs occupy a considerable volume 
in the LED structure. Figure 4.12S shows the complete picture of cross-sectional grain 
morphology, PFs and crystallographic information obtained from the TKD mapping data 
across the multi-layered structure of the VLED. However, for a particular ROI, i.e., GaN 
(semiconductor) and Ag (metal) layer/interface is shown in Figure 4.5.  
 
Figure 4.5 Cross-sectional SEM-TKD analysis. (a) GaN. (b) Ag having twin boundaries with their respective 
pole figures (PFs) and Kikuchi diffraction patterns.  
In grain morphology, OM analysis identifies GaN as a mono-crystalline material with no 
GBs (Figure 4.5(a)).  However, beneath the GaN layer, the Ag metal reflective layer has 
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special GBs oriented in a specific direction, as shown in Figure 4.5(b). Aztec software 
processed TKD data also reveal that most of the Ag mirror region is dominated by the high-
angle grain boundaries (HAGBs) but with a special type of boundary called Sigma 3 (3) 
TBs that are shown in red diagonal-shaped lines (Figure 4.5(b)). TKD analysis discerns that 
3 TBs were found abundant in the Ag reflective layer (~80.9%); however, a few were also 
identified at barrier/adhesion layers, i.e., Pt (~9.36%) and W (0.65%), as marked in red 
(Figure 4.12S). The tendency of face-centered-cubic (FCC) metals to form TBs is related to 
the TB energy, i.e., those with low TB interfacial energy, such as Ag easily form twins. 
Contrary to that, metals with high TB energy interferes with twins formation; thus, twins 
are quite rare there, e.g., Pt, W.  
In the context of correlating these GB orientations with the material properties, it has been 
reported that to enhance the material’s strength, HAGBs are required because they are more 
resistant to dislocation motions [198]. However, it is also noted in microelectronic devices 
that HAGBs are more electrically resistant than low-angle grain boundaries (LAGBs, 
subgrain) boundaries with the exception of a special type of high-angle 3 (TBs) [202], 
[207]. Special TBs at the Ag mirror layer will impact its electrical resistivity and mobility 
[202]. In fact, special TBs with less interfacial energy have low electrical resistance and 
less mobility compared with HAGBs [206]. Moreover, contrary to HAGBs, special 3 TBs 
are considered to be poor pathways for electromigration voiding or mass transport [57], 
[206].  
Interestingly, OM also highlights the position of special TBs and it can be observed that the 
width of twins (diagonal lines) at the Ag layer gets sharp while moving towards Ag-GaN 
interface, i.e., narrow twins are slightly toward the upper GaN layer (Figure 4.5(b)). The 
measured average twin spacing in the Ag film found to be ~10 nm. Here, identifying such 
special TBs at the cross-sectional layers of VLEDs is important for the following aspects: 
1) Such narrow (nano) and dense twins toward the GaN layer may influence the reflectivity 
of the Ag mirror layer, consequently enhancing the LEE of the LED device, 2) TBs with 
relatively low mobility contribute to a high degree of microstructural stability [208], [250], 
3) TBs improve the electrical conductivity because of their low resistance, 4) TBs provides 
better thermal stability [209], [251], 5) also, it enables us to associate TBs with origin of 
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defects (light loss) in a reflective layer of VLEDs, which may act as barriers for other 
HAGBs during growth and lead to the initiation of points of failure, and 6) TBs with less 
energy will provide poor diffusivity paths for electromigration mass transport while 
appearing at the Ag metal reflective layer of the VLED [205]. Nevertheless, TBs have 
shown the capability to increase the strength in other fcc metals (Cu, Al, Ni, etc.) by acting 
as barriers to the transmission of dislocations [208], [252]. However, such special TBs have 
a significant impact on electrical properties, which imperatively contributes toward the 
lifetime of the indispensable Ag reflective layer in the VLED.  
In addition, the grain size also influences the Ag reflectivity because the existence of any 
fine or coarse grain size induces certain type of diffusion paths, i.e., their GBs, which might 
result in either scattering paths or defective (trapping) points in photon and electron 
transportation. Our TKD cross-sectional grain size analysis of Ag reflective layer showed 
that it has an average fine grain size of ~ 90-110 nm (including TBs). Also, Figure 4.5(a) 
shows the PFs (degree of preferred orientation), and Kikuchi diffraction patterns from the 
topmost GaN layer indicate that it has a wurtzite crystal hexagonal close-packed (HCP) 
structure with strong {0001} texture in the growth direction (c-axis). In Figure 4.5(b), the 
PFs obtained from the cross-sectional layer of Ag hold peculiar shaped texture at {100}, 
{110} and {111} with fcc diffraction patterns owning to the special TBs. Because a twining 
relationship between the two component grains occurs, i.e., in between any two strong 
component grains there exists a weak component grain and vice versa.  
Hence, such a variety of grain size and texture across different layers of VLED (Figure 
4.12S) might exhibit unusual properties in light emission operation. For instance, the 
resistivity of a coarse-grained sample is lower than that of a fine-grained one because the 
former has a smaller number of GBs [198]. Similarly, in the case of Ag metal reflective 
layer, the grain size and texture (grain orientation) impact the electrical and optical 
properties of thin-film LEDs. This effect is mainly attributed to the mechanism of charge or 
photon trapping and scattering at the GBs. For instance, EM lifetime is highly influenced 
by the grain size distribution and texture [253]. The reason is that the EM normally occurs 
via diffusion along GBs; hence, grain size needs to be increased to reduce the GB area for 
diffusion. This minimizes the metal diffusion and trapping of charge or photons because 
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there are fewer sources of vacancies or less fast diffusion paths will be available for them. 
Also, point defects (vacancies and impurities) and extended defects (GBs) scatter the 
photons and electrons, thus shortening their mean free paths. On account of the photon and 
electron scattering at the GBs, a polycrystal has lower thermal and electrical conductivities 
than a single crystal. In the case of W or Pt (Figure 4.12S), coarse grains contribute to the 
stability of diffusion barriers because they are most effective in filling voids or holes at 
HAGBs (reducing sources of vacancies), and hence yields higher median times to failure 
(MTTF) [254]. Apart from that, coarse grains would help in minimizing hillocks (short 
circuit) formation, reducing film resistivity (less scattering of charge carriers), and thereby 
better controlling Ag mirror reflectivity by protecting it from chemical etching, diffusions, 
or contaminations during the deposition or photolithography process.  
In summary, SEM-TKD provides valuable pattern quality maps, grain size and orientation 
mapping, texture, and Kikuchi diffraction patterns from cross-sectional layers of VLEDs. 
Also, in general, coarse-grained materials with LAGBs are preferred in semiconductor 
devices; however, promoting certain grain structures with particular orientation depends on 
the functionality of each material (layer or interface) in that specific device. For instance, in 
coarse-grained metals with LAGBs, the increased thermal stability, electrical conductivity, 
and ductility merits are accompanied by the loss in strength. Contrary to that, in 
nanocrystalline metals with HAGBs, the increased strength is accompanied by the loss in 
thermal stability, electrical conductivity, and ductility. However, a special case of 
nanotwinned or TB materials (such as in the Ag mirror layer) exhibits high tensile strength 
with good ductility, thermal stability, and electrical conductivity [209], [251]. Therefore, in 
prospective electronic devices, these nanotwinned structures may express distinctive 
properties in comparison to coarse-grained and nanocrystalline metals.  
4.3.2.2 Planar Bulk Sample (SEM-EBSD) 
Nevertheless, SEM-TKD or transmission EBSD (t-EBSD) has a better spatial resolution (2-
15 nm) compared with conventional EBSD technique (30-100 nm).[118] However, SEM-
TKD cannot be performed on a bulk or thick specimen, as it requires electron transparent  
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Figure 4.6 SEM-EBSD analysis. (a)-(i) On the top (bulk) surface of the Ag reflection layer. 
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thin samples. Although robust SEM-TKD results reveal interesting special TB’s features 
(Figure 4.5(b) and Figure 4.6(a)) at the thin Ag mirror layer (in a cross-sectional view), it is 
equivalently important to further investigate the nature of the top bulk surface of the Ag 
mirror layer by applying SEM-EBSD and AFM techniques (in a planar view). Figure 4.6(b) 
shows the SEM-EBSD analysis on the top bulk surface of the mirror layer, and its spectrum 
verifies the presence of Ag (Figure 4.6(c)). Note that SEM-EBSD was performed on the top 
(bulk) surface of the Ag mirror layer, whereas SEM-TKD analysis was applied on the 
vertical (thin) sample of the Ag mirror layer (Figure 4.5).  
On the top bulk surface of the Ag layer, almost 2000 grains were detected by SEM-EBSD 
in a scan area of 5 x 5 μm2 at a step size of 25 nm, and the average grain size was found to 
be ~300 nm (Figure 4.13S). Such compact fine grains promote better reflectivity compared 
with the coarse grain structure because coarse grains involve larger micro area for more 
loss of light by absorption rather than reflection [255]. Also, Figure 4.6(d) shows SEM-
EBSD-based BC and GB analysis of bulk Ag mirror layer, which verifies enrichment of 
TBs. Figure 4.6(e) reveals in detail the microstructural analysis, i.e., the grain morphology 
and twinning structures (black marked lines) indicate special TBs for the bulk (planar) 
surface of the Ag reflective layer. Figure 4.6(f) map shows the grain reference orientation 
deviation (GROD) analysis, which displays the misorientation angle of a point from the 
grain’s average orientation. It can be seen that all misorientation angles are less than 2°; so, 
the visible deformation is really quite small, i.e., majority of the grains are in the same 
color. GROD map has a significant role in the interpretation of the local accommodation of 
deformation within the microstructure.  
In Figure 4.6(g), another OM component called the texture component (TC) shows a map 
of misorientation relevant to the reference point (here, grains with {111} direction), and 
indicates that most of the mapped area is within the ideal orientation (the only peak of 10° 
deviation is found in the TC inset histogram). In the scope of mirror layer reliability, such 
texture has its advantages, as it indicates the higher mean time between failures (MTBF,  
circuit life) and higher density of GB pathways that are inactive for EM mass transport 
[206]. To further explain that texture, PFs, and inverse PFs provide considerable lines of 
evidence of texture in the {111} direction parallel to the Z-axis (axial direction). The high 
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exposure densities (red regions) are shown at the center of the {111} PF (Figure 4.6(h)) and 
the {111} corner of the Z-axis (Figure 4.6(i)) indicates a strong fiber texture. Hence, the Ag 
reflective mirror layer holds strong <111> fiber texture in the Z-axis (normal to the bulk 
surface plane). 
In addition, EBSD data analysis further manifested that Ag layer has a specific class of 
TBs, i.e., coincident site lattice (CSL) boundaries with dominant 3-value and 
misorientation angle of 60° (rotation about <111>), as evident from Figure 4.13S graphs. 
The Σ3 <111> CSL boundaries in Ag (fcc) metal typically provide lower electrical 
resistivity, lowest TB energy, higher strength and inherently more thermal stability 
properties. Such a combination of properties is ideal for reducing the effects of EM, and 
hence promoting low-contact and highly reflective p-contact mirrors in VLEDs. 
Furthermore, once the MQW generated source light hits such TBs of an Ag layer; light will 
adopt a certain reflection path depending on these special TBs because they possess 
specific mirror lattice symmetry operation. Therefore, the role of twin structures at the Ag 
mirror layer in the enhancement of photons scattering (light reflectivity) can be correlated 
with top textured (structured) surface of the GaN layer or the bottom PS layer. Because 
they normally improve the light extraction of LED by generating specific escape cones 
(twin-shaped), a major portion of light reflects back or scattered out rather than being 
absorbed by the base substrates [139], [256], [257]. Thus, these EBSD results from the 
highly reflective mirror layer are significant in failure and optimization analysis because 
GB engineering substantially relies upon CSL analysis. 
4.3.3 Surface Topography 
Apart from GB engineering at the Ag mirror layer, the surface roughness also impacts the 
reflectivity of light, i.e., reflectivity degrades because of increase in the surface roughness 
[255], [44]. To evaluate the roughness (micro surface topography index), AFM analysis 
was conducted on the bulk surface of the Ag-based mirror sample, and the RMS roughness 
value was measured to be ~3-4 nm (Figure 4.7). This value indicates that the Ag surface is 
flat (smooth), which is better for the quality of Ag reflectivity. Notably, SEM-EBSD 
provides grain morphology (grain size, GBs or TBs), whereas AFM assists in surface  
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Figure 4.7  (a) SEM image. (b) 2D AFM. (c) 3D AFM analysis on the top bulk surface of the Ag mirror layer. 
topography (roughness). Collective data analysis from EBSD (grain morphology) and AFM 
(surface topography) reveal that the Ag reflective layer possesses a fine-grained structure 
~300 nm with TBs, and a smooth surface of ~3-4 nm. Such fine grains with lower 
roughness results in enhancement of the total optical light output of the VLED device [50], 
[258]. Also, previous research about the structure of reflective metal surfaces stated that 
metal surfaces are highly reflective if their microstructure consists of crystallites smaller 
than the wavelength of visible light, i.e., λ < 400nm [255]. On that account, our SEM-
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EBSD and AFM data are quite consistent in identifying the nano-morphology of the Ag 
layer, i.e., grain morphology (grain size of ~300 nm) and surface topography (roughness of 
~3-4nm), respectively. Thus, the finest (smaller) grain size with special TB’s and a flat 
surface are necessary features to maximize the reflectivity of the Ag layer. 
 
 
Figure 4.8 Images of the Ag mirror surface from: (a),(b) AFM. (c), (d) SEM and FSD (detectors for 
characterizing material microstructures in SEM) showing whisker formation marked in yellow dotted circles.  
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However, in Figure 4.8, it can also be discerned from AFM, SEM and forward scatter 
detector (FSD) images that protrusions in the form of whiskers (such as prills or bubble 
particles) exist at the Ag mirror layer. The formation of these whiskers is related to 
agglomeration phenomena that occur in Ag films during the thermally assisted O2 annealing 
process, which involves the evolution of capillary instabilities [245], [246]. Such Ag 
agglomeration and/or Ag oxidization will increase the roughness of the micro-surface of Ag 
up to 10-15 nm, leading to a decrease of reflectance over the whole spectral range. The 
reason is that a rougher surface not only has a larger micro area to reflect light but there is 
also more loss of light by absorption, thus decreasing the reflectance which eventually leads 
to a drop in luminous efficiency [255]. Also, these whiskers might become a source of pits 
for trapping of light.  
Further, AFM results are also consistent with TEM-EDX results (Figure 4.3), which verify 
the presence of O at Ag interface that leads to Ag agglomeration or oxidisation. 
Interestingly, EBSD and AFM analyses of the Ag film identify that these whiskers or 
agglomeration forms mostly along the GB or TBs (defective paths), as shown in Figure 
4.7(b) and Figure 4.14S. To mitigate that, thermal annealing temperature needs to be 
optimized to obtain a smooth Ag microsurface.  
Hence, application of SEM-EBSD and AFM techniques on nanotwinned Ag metal is 
exciting because this combination provides a better understanding of the physics of failure 
(PoF) in the methodology of Ag fabrication. Thus, the smaller the grain size and smoother 
the surface, the better the quality of Ag for reflection purposes.  
4.4 Prospective Optimization  
In the context of optimization for device performance enhancement in terms of LEE and 
output power, factors such as nanostructural composition, selection of metallic elements at 
reflection, barrier or adhesion, and wafer bonding layers need to be considered in 
correlation with electrical resistivity, CTE or mechanical stress, fabrication methodology 
and grains morphological parameters. On the basis of analysis and results, possible 
optimization suggestions are given as follows:  
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1) GB engineering, i.e., grain structure, SB (TBs), and texture orientation need to be 
well controlled as electron or photon scattering mechanism and electromigration 
lifetime are highly dependent on the grain size distribution [201], [203], [206].  
2) Nano-twinned metals, e.g., Ag, should be promoted as these structures exhibit 
distinctive properties (e.g., high tensile strengths, good ductility, thermal stability, 
and electrical conductivity) as compared to the nanocrystalline or ultrafine-grained 
metals [207], [208].  
3) To mitigate issues of Ag diffusion into the GaN or active region and In/Ga out-
diffusion into the Ag mirror layer, high thermal treatments should be avoided on Ag 
and p-GaN layers to prevent metal-semiconductor diffusions [239], [243]. 
Ni/Ag/TiW metal stack is found to tolerate high-temperature annealing [259]. 
4) To reduce thermal stress between GaN and metal-alloy-based interfaces, the tunable 
incorporation of diamond-like carbon (DLC) layers on the reflective layer has the 
distinct capability to match its CTE with GaN and hence enhances the thermal 
diffusion [260], [261].  
5) The GaN-Ag interface needs diffusion barrier layers such as tin-zinc oxide (TZO) 
[244] and nickel-titanium (NiTi) related alloys that can effectively block Ag 
diffusion [262]. Alternatively, nickel-vanadium (NiV) as a diffusion barrier can be 
used to increase the mirror reflectivity in high power led chips [263].  
6) Although thermal annealing in O2 ambient produces a low resistivity Ag-based 
ohmic contact as compared to N2 ambient, O2 annealing still causes Ag to be 
oxidized and/or agglomerated, leading to degradation in both reflectance and 
adhesion to GaN and overlaid metals. To suppress the Ag oxidization (Ag-O), a 
multilayer stack of Me/Ag/Ru/Ni/Au (where Me= Ni, Ir, Pt or Ru) contacts or 
barriers are required for high-power GaN-based VLEDs [242]. To avoid the Ag 
agglomeration, i.e., whiskers formation which increases roughness and resistivity of 
the mirror layer, thermal annealing process should be performed at a low optimum 
temperature to attain smooth highly reflective mirror contacts [264]. Moreover, the 
128 
 
Ag replacements or combination with other elemental candidates, such as Sn (which 
forms fewer whiskers than Ag does) or Rh as RhZn/Ag (which has high reflectivity 
and barrier property), will improve the efficiency of extracting light in LEDs [255], 
[265]. 
7) Ag alloys (AgNi/AgCu/AgAl) or SiO2/TiO2 dielectric Bragg reflectors (DBRs) 
combined with highly the reflective Ag layer could overcome the limitation of LEE 
[49], [266]. 
8) In addition, selection of adhesion or barrier materials and their film thicknesses 
should also be considered in terms of fabrication cost. For instance, rather multiple 
thick layered structure of Pt or Pt/W on both device and carrier wafers, and a single 
thin layer of Ti or Ti/W only at the device wafer will be substantially less expensive 
approach [38]. In parallel, fine grains at adhesion layers will reduce the cost of 
manufacturing blue VLED. Thus, optimal agitation parameters should be 
established for each particular layer to achieve the best micro uniformity.  
9) Contrary to metallic barriers, non-metal barriers (e.g., SiOxNy, SiCN or TaN) would 
have a significant edge because of their closely matched CTE to dielectric materials 
(e.g., substrates) [253], [267]. 
10) In VLEDs, the top small surface (n-GaN) and the large backside reflective mirror 
(p-contacts) normally cause current crowding issue, to mitigate this, a highly 
transparent conducting layer (TCL) or graphene current spreading layers are used to 
increase the light output power and wall-plug efficiency [47]. However, the trade-
off between optical transmittance and electrical conductivity must be addressed as 
well. 
11)  Selecting a suitable position for the Ag reflection layer also affects the LEE of the 
VLED because the overall LED LEE quite sensitive to the location of the mirror 
layer and the base substrate height [268].  
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12) To enhance the optical output power of GaN-based LEDs graded In composition 
QWs and on-top layers nanoparticle-assembled or nanowires (ZnO) can be used 
[85], [269].  
13) Influence of laser lift-off (LLO) or chemical lift-off (CLO) on optical and structural 
properties of InGaN/GaN vertical blue LED should be minimized with alternative 
approaches, such as natural substrate lift-off (NSLO), and plastic substrates [222], 
[270] The reason is that CLO and LLO can produce adverse effects involving 
etching non uniformity and tensile strain, which will lead to piezoelectric 
polarization (strain-induced electric fields in III-V nitrides). Such electric fields 
hinder the electron and hole recombination for photon generation, and a behavior 
termed as a quantum-confined Stark effect (QCSE) can be produced similar to the 
cases of LLEDs. QCSE reduces the recombination efficiency and increases 
wavelength shifts [271].  
14) New microscopy technique of atom probe tomography (APT) can assist in better 
understanding of key interfaces (e.g., Ag-GaN) of the VLED by providing 3D 
chemical compositions [31]. 
15) Introduction of new chips design such as OSRAM: UX3 [5] and integration of 
GaN-on-Si technology LEDs with high-electron-mobility transistors (HEMT), and 
CMOS-MEMS may open emerging paths in prospective smart solid-state lighting. 
Hence, optimizing the Ag reflective layer is crucial to further improve the luminous 
efficacy and light output power of LEDs. 
4.5 Conclusions  
In this work, the compositional variation (elemental diffusion), grain morphology (grain 
structure/orientation), and surface topography (surface roughness) of the Ag reflective 
mirror layer of GaN-based blue VLEDs have been systematically investigated with 
advanced microscopes for performance optimization, and their corresponding results are as 
follows: 
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1)  STEM-EDX analysis at the key interface of Ag-GaN (metal-semiconductor) 
determined that In and Ga from GaN (semiconductor) region out-diffuses into the 
Ag (metal) layer, whereas the Ag (metal) diffuses into the GaN (semiconductor) 
region. Ag migration occurs not only in the p-GaN layer but also into the 
InGaN/GaN QWs and In-based superlattice, as well. Further, the formation of Ag-O 
(Ag oxidation), Ga-O and Ag-Ga bonds lead to a non-abrupt Ag-GaN interface. 
Such interfacial diffusion between the Ag (metal) and GaN (semiconductor) 
degrades both the electrical and optical properties of the LED.  
2) SEM-based TKD combined with EDX as a sophisticated technique provided vital 
information for each cross-sectional layer of VLED, i.e., grain structures (size), 
GBs, SBs, crystallographic orientation (textures), defects and phases that exist in 
between semiconductor (epitaxial) layers, and metal (adhesion, barrier, and 
reflecting) layers. SEM-TKD results for a thin specimen of Ag reflectivity layer 
discerned that it has special nano-TBs.  
3) Further, SEM-EBSD analysis on the top bulk surface of an Ag reflective layer 
depicted its surface morphology that consists of fine-grained structures (~300nm) 
and more importantly possesses special CSL TBs with a strong fiber texture. Such a 
nano-morphology of Ag with specific texture is vital for highly reflective materials 
to design efficient LED light sources. 
4) Moreover, the surface topography of an Ag reflective layer with an average 3-4nm 
roughness was determined by AFM, and shows Ag has a smooth (flat) surface. 
However, results also indicated that the presence of whiskers induced by the 
thermal annealing process (in the O2 ambient environment) increases the micro 
surface roughness, consequently, deteriorating the reflectivity of the Ag mirror 
layer.  
5) On the basis of these correlative microscopy analyses and results, feasible 
suggestions on performance optimization are proposed, which can be integrated into 
prospective VLED device scaling and modeling. 
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In summary, the quality of the Ag reflective layer is strongly dependent on the control of 
interfacial diffusions, grain morphology, and surface topography. Abrupt Ag-GaN interface 
and compact smaller (fine) grains with a smooth surface (low roughness) are essential 
criteria for the better reflectivity of light at the Ag mirror layer. Hence, these results are 
critical in understanding the origin of diminution in IQE and EQE, which will assist to 
significantly enhance the overall light emission efficiency of the VLED devices. 
4.6 Future Outlook  
We believe that our correlative microscopy results will open new opportunities for 
optimization of enhancing LED performances by controlling the GB, especially by 
controlling the nano-TBs. In fact, these results could have direct effects on the “Application 
of Ag material in the micro-optoelectronics industry” because the special nano-TBs at the 
Ag reflective layer might have peculiar attributes toward the enhancement of the critical 
LEE factor. Furthermore, these attributes only make Ag an attractive model system not 
only for the study of TB formation and twin-induced strengthening mechanisms in LEDs 
but also for other organic solar cells or organic photovoltaic (OPV) and OLED devices, 
where Ag serves diverse functionality as a contact electrode, reflection, or wafer bonding 
layer [272]–[274]. 
Moreover, SEM-based TKD and EBSD techniques will facilitate us in the improvement of 
grain alignment by correlating it with GB engineering, and subsequently, further structure-
properties-process-performance relationship (material design paradigm) can be determined. 
Although SEM-based TKD and EBSD is less beam-damaging compared with TEM (30kV 
vs 300kV), there are still are certain limitations, such as time-consuming FIB preparation of 
thin samples for TKD or requisite of a smooth (flat) surface for EBSD analysis, and certain 
difficulty in obtaining patterns or textures for very thin (narrow) film layers (below <10 
nm). Nevertheless, integration of different characterization techniques (SEM-TKD/EBSD, 
TEM, APT, AFM and RS,) can mitigate it and help further in understanding the PoF for the 
concerned investigated LED device.  
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4.7 Supporting Information 
Table 4.1S Experimental methods and details 
Instruments Specifications Purpose 
Vertical LED Chip GaN: 440-490 nm, Ƞ
opt 
: 50% Blue Light 
Zeiss Auriga 
SEM-FIB 
5 kV-30 kV 
50 pA-2 nA 
Milling 
Zeiss Ultra plus 
FEG-SEM 
10-30 kV 
1-3 nA 
WD: 6-10 mm 
Oxford Intr. AZTec 
Nordlys-nano EBSD detector system 
EDX 
EBSD 
TKD 
TEM 
JEOL 2200FS 
200 kV 
300 kV 
STEM 
EDX 
FEI Titan Themis Z 
aberration-corrected with 
Super-X EDX 
Bruker SPM/AFM 
Dimension ICON SPM with ScanAsyst® 
image system 
AFM 
 
 
Figure 4.9S Experimental setup of SEM-TKD with EDX [57]. 
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Figure 4.10S SEM-EDX line scan mapping. 
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Table 4.2S SEM-EDX phase acquisition data.  
 
Phase a b c Alpha=Beta Gamma Space Group 
Ga N 3.19 Å 3.19 Å 5.18 Å 90.00 ° 120.00 ° 186 
Ag 4.09 Å 4.09 Å 4.09 Å 90.00 ° 90.00 ° 225 
W 3.19 Å 3.19 Å 3.19 Å 90.00 ° 90.00 ° 229 
Ti-Hex 2.95 Å 2.95 Å 4.73 Å 90.00 ° 120.00 ° 0 
Pt 3.92 Å 3.92 Å 3.92 Å 90.00 ° 90.00 ° 225 
Au Sn 4.32 Å 4.32 Å 5.52 Å 90.00 ° 120.00 ° 194 
 
 
Figure 4.11S (a) SEM elemental EDX. (b) Phase mapping of cross-sectional layers of VLED. 
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Discussion for Figure 4.10S and Figure 4.11S 
SEM-EDX allows us for rapid identification of quantification of the compositional 
variations across multilayered device structure. The complete stack of elemental analysis is 
detailed in the Figure 4.10S. In Figure 4.10S and Figure 4.11S, SEM-EDX spectra 
collected along the yellow marked line clearly reveals that the vertical LED top textured 
surface is composed of elemental silicon (Si) and oxygen (O), i.e., SiO2 passivation layer is 
used for enhancement of light extraction [45], [275]–[277]. The top epitaxial layer of 
VLED is composed of GaN as a semiconductor (SC) [278]–[280]. Beneath the GaN layer, 
Ag phase (200 nm) is found as a mirror reflective layer and p-contact [281]–[286]. Usually, 
the mirror is produced from a highly reflective metal (e.g., Ag) by electron beam (e-beam) 
evaporation or sputtering techniques [98], [287]–[290]. Also, prior to wafer bonding, 
tungsten (W) as a diffusion barrier, titanium (Ti) as adhesion and platinum (Pt) as 
encapsulation layers have been deposited on the Ag mirror layer. Table S2 provides lattice 
parameters of the phases (Figure 4.11S) identified by the EDX data.  
Such robust elemental analysis in the first instance through SEM-EDX is also very 
beneficial to locate device chemistry, i.e., elemental diffusions within the wide field of 
view (FOV) in microns for the multilayered device. In Figure 4.10S, the line scan at ~2.8-
3.5 μm indicates that interface between GaN (semiconductor) and Ag (metal) layer is not 
abrupt contrarily to underlying W/Ti/Pt (diffusion/adhesion/encapsulation) layers. This is 
because no barrier layer between GaN and Ag layer exists. However, on the other end of 
Ag layer, W is used as diffusion barrier layer to prevent the penetration of material from the 
Ti adhesion layer into the Ag mirror layer. Also, while performing the wafer bonding 
mechanism [291], Pt layer is necessary to block Sn diffusion from the eutectic bonding 
layer (AuSn) into Ag mirror layer. Therefore, it is essential to have stable diffusion barriers 
to protect the reflective layer, as any metal diffusion (e.g., Sn diffusion during eutectic bond 
formation) into Ag mirror layer might degrade the reflectivity and/or increase the contact 
resistivity of Ag mirror layer [292].  
SEM-EDX analysis are robust and useful to analyze the compositions without the sample 
being damaged by the high-electron beam and to crosscheck the existence of 
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contaminations at a specific region, i.e., any residual or by-products left during the LED 
fabrication process  [205], [293]. 
Table 4.3S Material properties of GaN and Ag. 
 
 
 
 
 
 
 
Properties GaN Ag 
Class Semiconductor Metal 
Crystal structure Wurtzite (HCP) FCC 
Lattice Constant (°A) ao (co) 3.189 (5.186) 4.09 
Refractive Index@450 nm 2.49 0.135 
Dielectric Constant 9.5 -5.65 
CTE (10
-6
/K)@20°C 3.1 18 
Thermal Conductivity (W/m.K) 130-225 430 
Electrical Resistivity (cmΩ) 1x106 1.6 x10-6 
Young Modulus (GPa) 180-200 83 
Melting Point  (°C) >2500 961 
Yield Strength (MPa) 100-200 55 
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Figure 4.12S SEM-TKD analysis across different layers of the vertical LED. (a) Band contrast (BC). (b) 
Grain morphology with orientation mapping (OM) showing high-angle boundaries (HAGB) >10° in black 
and Sigma-3 CSL in red at Pt and Ag reflective layer. (c) Poles figures. (d) Kikuchi diffraction patterns.  
Discussion for Figure 4.12S 
In Figure 4.12S, TKD measurements were carried out across different regions of thin 
lamella (electron transparent) sample of VLED in order to determine the grain morphology, 
and orientation relationship between GaN (semiconductor) and base (metal) layers. Figure 
S4a shows the pattern quality images calculated by AZtecHKL software from respective 
multilayered structure [249]. The cross-sectional morphology from the SEM-based TKD 
analysis indicates that light region is composed of GaN, the shinning white region as Ag 
mirror layer. This is because of electron backscattering patterns (EBSPs) produced in the 
SEM-based TKD system [294]. In pattern quality images, band contrast (BC) is EBSP 
quality factor that reveals microstructure in a certain qualitative fashion (orientation 
contrast). For instance, Figure 4.12S(a) shows that Ag tends to show light BC (high pattern 
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quality) while EBSPs along GBs tend to visible as dark (low pattern quality) linear features. 
Figure 4.12S (b) shows that the grain size of diffusion barrier (W) ~65 nm, the adhesion 
layer (Ti) ~45 nm, encapsulation layer (Pt) ~50nm and eutectic bonding (AuSn) ~90-120 
nm. Notably, the coarse grains promote better stability of diffusion barriers (W, Pt) by 
filling voids or holes, as of small GB areas [295]. Whereas, fine grains at adhesion or 
bonding layers (Ti, AuSn) provide better fusion and strength properties because smaller 
grains have large GB area or diffusion paths to form good adhesive joints between two 
metals [198], [200], [224], [296], [297]. Also, from Figure S4b we can observe that most of 
the VLED layers have HAGB > 10° (in black). Such, HAGBs at barrier/adhesion (W/Ti/Pt) 
and bonding layers (AuSn) might be helpful to locate the source of defects in 
electromigration mechanism [296], [298].  
Figure 4.12S(c) and (d) show that PFs for diffusion barrier layer (W) do not have strong 
<111> texture, thus pay-off in lower mean time between failures (MTBF) [136]. Therefore, 
it is substantial to have a stable diffusion barrier for reflective layer because any metal 
diffusion (e.g., Sn diffusion during eutectic bond formation) into Ag mirror layer might 
degrade the reflectivity or increase the contact resistivity of the Ag mirror layer. Further, 
PFs for adhesion (Ti) or bonding (AuSn) layers revealed a low degree of <0001> texture. It 
can be envisaged that such low degree of texture endures lattice mismatch that degrades the 
performance and reliability of concern layer, consequently impacts the operating life of 
thin-film LED product because of short MTBF [299]. Moreover, the angle of orientation 
influences the thermal conductivity, since isotropic oriented grains have lower conductivity 
compared to anisotropic grains [209], [251], [300].  
From this analysis, it can be concluded that most of VLED multilayered structure 
composed majority of nanocrystalline grains (1-100 nm) with HAGBs, except Ag reflection 
layer with special TBs [203], [300], [301]. In summary, SEM-based TKD helps us to 
investigate the cross-sectional morphology and nano-structural characterization of 
crystalline material in the VLED. In this context, nano-scale characterization of the 
complete stack of VLED layers will assist material’s engineers to figure out possible 
solutions to design efficient and low-cost LED technology. 
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Figure 4.13S SEM-EBSD analysis on the top bulk surface of Ag mirror layer (area 5x5 µm) with the majority 
of Sigma-value 3 CSL boundaries (marked in red) with 60° misorientation angle. 
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Figure 4.14S (a) SEM-EBSD and (b) AFM analysis on the top bulk surface of Ag mirror layer showing grain 
morphology and surface topography with twinning structures. Whiskers formation (black particles) around the 
GB areas.  
 
 
Figure 4.15S JEOL2200FS bright-field (BR) STEM images of GaN epitaxial layers and GaN-Ag interface. 
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 Chapter Five                        
Insight into Multiple Quantum 
Wells of GaN-based Vertical 
LED using Aberration-
Corrected Electron Microscopy 
 
142 
 
5.1 GaN-based MQWs for Blue LEDs  
The 2014 Nobel Prize was awarded to the invention of efficient blue LEDs, which enabled 
bright and energy-saving white light sources [11]. A modern white LED lightbulb converts 
more than 50% of the electricity remarkably superior to its incandescent counterparts with 
4% conversion efficiency, and therefore is regarded as a green solution to counter the 
global energy crisis [15]–[17]. With 20-30% of the world's electricity used for lighting, it's 
been estimated that optimal use of LED lighting could reduce this to 4% [18]. The potential 
for solid-state lighting based on LED technology to reduce energy usage is made possible 
through the development of GaN and its alloys. GaN is a fundamental material for a vast 
range of optoelectronic devices because it demonstrated prominent light emission 
capabilities ranging from ultra-violent (undoped) to green and red (doped with indium or 
aluminum) [12], [22]. GaN as a wide bandgap material can be integrated with other 
compound semiconductors such as InGaN and InGaAlP to form MQWs, which generate 
active regions to produce LEDs and laser diodes [24], [25].  
Particularly, InGaN/GaN-based LEDs are the dominating candidates in illumination market 
with merits of saving over 10% of worldwide electricity usage and reduction in global 
warming by decreasing at least 10% in fuel consumption and CO2 emissions from power 
stations [3], [35]. Although InGaN/GaN-based QWs for blue LEDs can produce IQE of 90% 
and EQE of 70-80% [59], [62], [63], there exist many key challenges, for instance, the 
efficiency droop (the substantial decrease of quantum efficiency with increasing drive 
current) [61], [64], [65], the green gap (the relatively low efficiency of green LEDs in 
comparison to blue) [65], [66], the quantum-confined Stark effect (large piezo-electric and 
polarization fields arising at polar interfaces) [67], carrier (electrons and holes) injection 
efficiency [68], [69], Auger recombination [70], [71], carrier delocalization [72], impurity 
diffusion [52], [73], structural and crystal defects (lattice mismatch, dislocations) [74]–[76]. 
Therefore, further optimization is required in producing high- performance LEDs to fully 
replace traditional incandescent and compact fluorescent technologies. In this regard, 
atomic or nanoscale characterization of the light emitting active region is critical to 
understand the detailed morphology, chemical composition, elemental diffusion, atomic 
structure with polarity, interfaces abruptness and carrier localization mechanism.  
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5.2 Atomic-scale Characterization of MQWs of LED by Aberration-
Corrected STEM  
Over the past years, various microscopic techniques have been performed by many research 
groups, including SEM, TEM, SIMS, APT, Raman spectroscopy, CL, AFM, XRD, and so 
on, to address above stated issues [76], [112], [302]–[304]. Among these techniques, 
electron microscopy or TEM has a unique capability by providing crystallographic 
information, high lateral spatial resolution for high-fidelity imaging along with 
compositional information from the EELS and EDX [121]–[123]. Precisely, HR-STEM 
showed better spatial resolution (atomic-planes) compared to APT [31], [124]. Furthermore, 
these complementary techniques (TEM and APT) are combined to correlate the analytical 
sensitivity and three-dimensionality of APT with TEM spatial fidelity [125], [126].  
Specifically, development of AC-STEM provides new dimensions to state-of-the-art 
electron microscopy, enabling to perform a structural analysis at a sub-angstrom resolution 
[127]–[129]. The evolution of aberration correctors has improved the sensitivity and spatial 
resolution of both phase contrast imaging in HR-TEM and Z-contrast imaging in STEM 
[130], [131]. This peculiar capability of AC-STEM has opened a new realm to understand 
materials properties by correlating their atomic-scale changes in composition with the 
structure of interfaces and defects [132]. For instance, by HAADF STEM method, a 
resolution of sub-50-pm was achieved on Ge and Si, where 47-pm separated Ge-Ge 
dumbbells and 45-pm separated Si-Si dumbbells imaging were performed [133]. Also, for 
the light elements, the sub-angstrom distance between Si-N atomic columns in a β-Si3N4 
sample was resolved by an ABF imaging technique [305], [306].  
In this work, the MQWs of a GaN-based blue VLED was systematically investigated by the 
AC-STEM technique equipped with EDX at a true atomic resolution of 0.7 Ǻ. The results 
across MQW region indicated the compositional inhomogeneity of indium distribution, 
structural defects, and nanoscale interfacial chemical migration. STEM-based EDX results 
revealed that InGaN is a random alloy, which causes indium composition fluctuations at 
both MQWs and short-period superlattice (SL) layers. Also, Al-based electron blocking 
layer (EBL) at the p-GaN side showed non-uniform profile. Moreover, high-resolution 
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STEM HAADF and BF images determined that inhomogeneity of indium distribution leads 
to the QW width variations and random indium fluctuations on account of its compositional 
pulling effect. In addition, ultra-high-resolution STEM images show that InGaN QWs and 
GaN QBs interfaces are fairly abrupt and have few interface-related defects. Moreover, the 
Ga-Ga atomic columns separated by 75 pm was resolved by HAADF STEM whereas the 
ABF is utilized for a light element (N) imaging with sub-angstrom resolution. 
Subsequently, AC-STEM HAADF and ABF images of GaN active region identified that it 
has the hcp-wurtzite crystal structure with validation of N-polarity. Furthermore, our 
electron microscopy results are correlated with various aspects of degradation in LED 
performance, which leads towards to understand the origin of efficiency droop, QCSE, 
carrier delocalization, current leakage, dislocations and impurity diffusion issues. Lastly, 
based on our AC-STEM nanostructural characterization and analytical results, further 
prospective optimization and remedies are suggested to mitigate critical issues of efficiency 
droop, QCSE and structural defects for performance enhancement of LEDs.  
5.3 Materials and Methods  
GaN-based blue vertical LED structure was fabricated on a 2-inch (0001) sapphire wafer 
using metal-organic vapor-phase epitaxy (MOVPE) method and the cross-sectional 
schematic diagram is shown in Figure 5.1. In the growth process, trimethyl gallium 
(TMGa), trimethyl indium (TMIn), bis-cyclopentadienyl magnesium (Cp2Mg), silane 
(SiH4), and ammonia (NH3) were used as sources for Ga, In, Mg, Si, and N, respectively.  
 
Figure 5.1 Schematic diagram of vertical LED structure with corresponding STEM images. 
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Prior to the growth of GaN epitaxial layers, the sapphire wafer was exposed to H2 gas at 
1100 °C to remove surface contamination. Firstly, the 25-nm-thick GaN nucleation layer 
was deposited at 550 °C, followed by the growth of a 2.5-µm-thick undoped GaN and a 3-
µm-thick Si-doped n-type GaN layer. A 60-nm-thick superlattice (SL) containing 
alternating layers of InGaN/GaN (1nm/1nm), and four periods of InGaN QWs with 2.5-nm-
thick wells each separated by 3.5-nm-thick GaN quantum barriers (QB) were used for blue 
light emission in the wavelength of ~455-470 nm. The growth temperature for four pairs of 
InGaN QWs and GaN QBs were kept between 750 and 850 °C, respectively. On the top of 
InGaN/GaN-based MQWs, a 20-nm-thick p-AlGaN electron blocking layer (EBL) was 
incorporated, and finally, a deposition of 200-nm-thick Mg-doped p-type GaN constitutes 
the layer of the device wafer. Afterward, the device and carrier wafers were bonded 
together, followed by a laser lift-off step to remove sapphire substrate from a device wafer 
[57], [98]. Lastly, the exposed n-GaN surface was roughened by a KOH solution for 
efficient light extraction and LED structure was then processed in a type of vertical current 
injection with chip dimensions of 1 × 1 mm2 [177], [307], [308].  
TEM specimen was prepared by standard focused ion beam (FIB) and argon (Ar)-ion 
milling techniques [107], [309], the steps are summarized in Figure 5.2. A lamella of the 
MOVPE grown epitaxial layers was prepared by deposition of protective metal (Pt) layer 
followed by FIB milling with a Ga-ion beam at 30 kV and 5 kV. Subsequent Ar-ion milling 
by JEOL EM-09100IS Ion Slicer at 1-2 kV was performed for final thinning of the lamella 
to 60-80 nm and to minimize the FIB-induced damages or artefacts. Further, the lamella 
was examined under JEOL JEM-ARM300F and FEI Titan Themis Z300 AC-STEMs to 
obtain the crystallographic structure, high lateral spatial resolution for high-fidelity imaging 
and chemical compositional information from the key epitaxial layers of the GaN-based 
blue VLED. 
5.4 Results and Discussion  
The STEM-based EDX mapping is an essential step to locate the area of interest at high 
resolution and identify elemental composition across the region of interest (in our case 
active layers of the VLED). Figure 5.3(a)-(d) provides elemental compositional analysis  
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Figure 5.2 Vertical LED TEM-lamella preparation steps: (a)-(h) in FIB and (i) Ar-ion milling.  
with HAADF-STEM, where EDX mapping shows that epitaxial layers consist mainly of 
Ga, N, In and Al elements. In Figure 5.3(d), EDX line profile identifies 21 indium-rich 
short-periods SL and 4 MQWs are formed by InGaN/GaN compound semiconductors, 
whereas EBL is composed of an AlGaN material.  
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Figure 5.3 (a)-(d) STEM-based EDX elemental chemical analysis across p-n junction of the vertical LED 
structure.  
Interestingly, it can be clearly seen in Figure 5.3(d) that SL, MQW, and EBL layers exhibit 
diffused interfaces, where indium distribution is apparently nonuniform across SL 
structures and MQWs. It can be observed that indium has inhomogeneous satellite peaks, 
i.e. the first QW towards SL or n-GaN side have higher satellite peaks (with 3.2 at.%) 
compared to other QWs located towards EBL or p-GaN side (with 2.8 at.%). Moreover, Al-
based EBL situated between the active region and p-GaN also shows sporadic profile trend, 
where its lower interface towards p-GaN side has a broad profile with 3.0 at.% 
concentration while upper interface (toward MQW side) has narrow sharp edge with 4 at.%. 
From EDX profile (Figure 5.3(d)) we can analyze from that there is overall compositional 
degradation trend while moving from n-GaN (left) towards the p-GaN (right) growth layers. 
To further investigate these issues, high-resolution STEM-HAADF and BF images reveal 
that the width of QWs is asymmetric, as shown in Figure 5.4. The width of first QW 
(towards n-GaN side) is 2.47 ± 0.02 nm, while last QW (towards EBL side) has a narrow 
width with a thickness of 1.66 ± 0.02 nm. Similarly, the width of GaN QB layers between 
these 4 MQWs is also varied, which means that the QW width variation influenced the 
subsequent growth of LED epitaxial layers and expected to depend on the growth 
conditions of the fabrication process. 
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Figure 5.4 (a) STEM-HAADF and (b) BF images across the active region of the vertical LED structure. 
In addition, high contrast between InGaN QW and GaN QB layers indicates that the abrupt 
interface is not destroyed. However, it can be also observed that InGaN QW interfaces have 
somewhat protrusions towards GaN QB layers as in Figure 5.5, thereby shows that the 
interface quality is not perfectly sharp, which is due to the fact that InGaN and GaN 
material systems have poor miscibility (between InN and GaN) and lattice mismatch 
(InGaN QW strained on GaN QB) [62]. Also, the indium content in the wide QW wells 
deviates from the others due to the compositional pulling effect [310]–[312], which states 
that indium atoms trend away from the InGaN/GaN interface to reduce the deformation 
energy in order to mitigate lattice mismatch. 
 
Figure 5.5 (a)-(c) High-resolution STEM-HAADF and BF images across the active region of the vertical LED 
structure.  
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Thus, the amount of indium will be increased along the growth direction of wide QWs 
(towards n-GaN side) because of the compositional pulling effect. This also manifests EDX 
result of Figure 5.3(d) that InGaN is a random alloy, where In replacing Ga randomly, i.e., 
upper InGaN/GaN interface (QWs towards n-GaN) and lower InGaN/GaN interface (QWs 
towards p-GaN) have different satellite peaks. Our results agree with previous reports on 
that such degree of chemical inhomogeneity in InGaN QWs has atomic height interface 
steps, resulting in QW width variations and random indium fluctuations on an atomic-scale, 
and eventually plays a vital role in carrier localization at the InGaN/GaN MQWs [66], 
[313].  
Additionally, from Figure 5.3(d) and Figure 5.4, we can notice that the last InGaN QW 
(towards p-GaN side) has the narrowest well width and lowest indium satellite peaks, 
which indicates that variation of indium contents is attributed to epitaxial layers growth 
conditions. The reason is that QW, which is grown nearby p-GaN interface, faces not only 
residual strain (lattice mismatch between InGaN and GaN) but also additional thermal 
stress as well, i.e., on the top of it an high-temperature post-growth p-GaN hole transport 
layer causes further indium re-evaporation [62], resulting in significantly high indium 
diffusion from that InGaN QW into next higher InGaN/GaN QWs (towards n-GaN side). 
Hence, compositional inhomogeneity of indium contents is highly correlated with lattice 
strain and thermal stress conditions.  
Moreover, AC-STEM images at atomic resolution from GaN active region determine that it 
has an hcp-wurtzite crystal structure with N-face polarity in [1 10] zone axis, as shown in 
Figure 5.6. This key result is attributed to powerful high-resolution AC-STEM capability, 
where Ga-Ga atomic columns separated by 75 pm is resolved by HAADF imaging, whereas 
the ABF technique is utilized for a light element (N) imaging with sub-angstrom resolution. 
Also, HR-ABF image (Figure 5.6(b)) shows that the N-atomic columns are above the Ga-
atoms, corresponding to the VLED being N-polar. Based on these HAADF and ABF 
images, GaN crystallographic model is designed (Figure 5.6(c)). Further, the N polarity is 
more clearly evident in the intensity plot (Figure 5.6(d) and (f)) at each pixel along the trace 
line marked in Figure 5.6(b), where N-atoms are visible just above the dark Ga-atoms.   
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Figure 5.6 UHR atomic-scale STEM images across QWs. (a) and (b) 2D lattice fringes for HAADF and ABF 
showing Ga, N positions with zone axis. (c) Overlaid GaN crystal model. (d)- (f) Power spectrum revealing 
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lattice resolution of 93 pm and the plot of the pixel intensity as a function of position along the trace marked 
in (b) illustrates N-polarity, where N column just above darker Ga column.  
The simultaneously recorded HAADF and ABF images enable us to confirm the polarity of 
the sample by establishing the location of the lighter element (N), thus eliminating 
ambiguity in the identification of heavier element (Ga) as well. Moreover, Fourier-
transform simulations on AC-STEM atomic-scale imaging revealed no stacking faults or 
major dislocations, e.g., Lomer edge dislocations, which are common interface-related 
defects for group III-V-based materials [143], [198]. Such dislocations are located at the 
InGaN QW and GaN QB interface and act as non-radiation recombination centers resulting 
efficiency droop in the device.  In the context of correlating our AC-STEM results with the 
performance of LED, i.e., the asymmetric QW width, In composition fluctuations at MQWs 
and SL, and nonuniform EBL profile severely impact the efficiency of the VLED. The 
reasons are:  
1) QWs with narrow well width will maximize the carrier density in the active region, 
which increases the Auger recombination, resulting in the efficiency droop (or non-
thermal rollover) [143], [198].    
2) Contrary to thinner QWs, QWs with wide well width will have charges with long 
dwell time (the time an electron spends over the QW) and high probability of carrier-
injection/capture efficiency [314], subsequently contributes to high IQE. 
3) Although wide QWs provide high a probability of carrier-injection/capture efficiency 
(enhances IQE at high current), they still have disadvantages of degradation in 
radiative recombination and strong quantum-confined Stark effect (QCSE) because of 
large polarization-related spontaneous and piezoelectric fields, which results in a 
reduction of spontaneous emission rate of VLED [67]. Also, due to QCSE, the 
ground-state energy level of electrons in wide QWs is lower than narrow QW, 
therefore injected carriers (electrons) from n-GaN will prefer to accumulate at widest 
QW (in Figure 5.4, first grown QW towards n-GaN), which can lead to strong Auger 
recombination and result in droop effect [315]. Thus, the difference in ground-state 
energy levels between the QWs with different thickness will hinder electrons 
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tunneling into the narrow ones, while holes with large effective and low mobility not 
able to penetrate deeper into the wide QWs, resulting in non-uniform carrier 
distribution and impedes radiative recombination rate within the QWs, which 
ultimately causes the efficiency droop [316], [317].  
4) In asymmetric QWs, graded-thickness of QWs may induce different degree on 
stress/strain on the InGaN/GaN lattice system and impacts the composition pulling 
effect [310], [318], consequently the indium segregation will be slightly increased 
due to variations of indium contents [240]. This generates strong asymmetry in carrier 
concentration and mobility across p-n junction of the LED, which is considered to be 
the dominant reason for the efficiency droop. Further, the optoelectronic properties, 
which are sensitive to indium content, will deteriorate because of the QWs with 
different indium content (varied satellite peaks in Figure 5.3(d) tend to emit their own 
characteristic colors thus degrade light emission for a particular wavelength. 
5) Also, the fluctuations in indium composition or varied QW thickness creates 
localized potential minima within the QW plane [319], [320]. At low current, the 
injected carrier concentration is small, so they are able to remain confined to the 
potential minima, however, at high currents, the localized potential minima get filled 
and carriers will be delocalized (released). Such delocalization of carriers undergoes 
to interact with non-radiative centers, hence degrades the efficiency of LED. Previous 
studies also showed that indium fluctuations across MQWs significantly impact the 
LED’s IQE, forward voltage and droop behavior [313]. 
6) In Figure 5.3(d), it can be depicted that QWs are not in perfect rectangular-shaped 
rather a potential profile of satellite-shaped QWs are formed. The deformation in the 
potential profile of QWs is due to the lattice mismatch in the InGaN QW and GaN 
QB materials. Because of this lattice mismatch, the indium composition in QWs is 
non-uniform and resulting diffused InGaN QW and GaN QB will induce additional 
discontinuous polarization-related internal electric fields. These discontinuities in 
polarization cause a build-up of sheet charges at the interfaces, producing an electric 
field that bends the energy bands. This band banding directs the electron and hole 
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wave functions in opposite direction, leading to spatial separation of confined carriers 
that can reduce recombination rates [25]. Furthermore, the band bending decreases 
the transition energy of the bound states, which can shift emission spectrum towards 
longer wavelength, i.e., ascribed to QCSE. This QCSE impacts the optoelectrical 
properties of the device and is even worse for QWs with higher indium compositions 
due to increased lattice mismatch [73], causing the LED to exhibit a low IQE on 
account of decreased electron-hole pair overlap within the titled potential wells.  
7) Non-uniform Al-EBL makes it difficult to ascertain whether its role is to fully confine 
electrons in the active region (suppress electron leakage) or hinder hole transport 
(poor hole injection efficiency). Because, the increased Al content nearer to GaN QB 
interface (Figure 5.3(d)) will raise the barrier for electrons, thereby also increases 
polarization mismatch with respect to GaN, i.e., due to differences in spontaneous 
and piezoelectric polarization between InGaN/GaN-MQWs and AlGaN-EBL layer 
[321]. For polar LED structures, this polarization mismatch further induces positive 
and negative sheet charges, which will strongly impact the energy-band diagram. 
Consequently, the positive sheet charge develops on EBL (in between GaN QB and 
Al-EBL interface), which attracts electrons and lower downs the conduction band, 
leading to reduce the effective barrier height for electrons confinement. Thus, 
electrons (having high mobility than holes) may escape from QWs into the p-GaN 
region, thus incite recombination process outside the active region and results in 
current leakage that accounts for substantial efficiency droop, hence determines 
ineffective EBL or potential barrier to suppress fully electron leakage or efficiency 
droop issue [322].  
8) Figure 5.1 and Figure 5.3(d) show indium-rich 21 short-period structures (each of 1 
nm ± 0.2 with indium concentration range from 0.5 at.% to 1 at.%) towards n-GaN 
side forms SL, which is another nanostructural feature similar to MQW and idea is to 
increase number of QWs to have a carrier delocalization among the QWs [323], [324], 
leading to more uniform electron and hole distribution across the active region and 
reduced peak carrier densities. Apart from that, SL plays diverse roles such as active 
light emitting region, or a low-resistance layer for charge flow, or a stress relief layer 
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for MQWs to compensate crystal lattice defects (dislocations) and associated 
polarization fields, or as a distributed Bragg reflector to direct photon generation 
[325], [326]. Therefore, SL number of multiple periods or spacing between each 
period like factors need to be considered while growing it on epitaxial layers of 
VLED.   
9) GaN most applicable crystal structure of hexagonal wurtzite phase has either Ga or 
N-polarity along c-axis [22]. In Figure 5.6, we can notice that our sample has N-
polarity, however, at the initial stage of the epitaxial layers growth process (i.e., from 
n- to p-side), it actually has Ga-polarity. In fact, as explained in Section 2.1 of this 
thesis that during the final stage of the vertical LED fabrication, the device wafer was 
flipped (Figure 2.1(e)), bonded to carrier wafer and laser lift-off (to remove sapphire 
substrate) steps were performed [57], [98]. Simply, at the initial stage of epitaxial 
layers growth, the Ga-polarity exists, however, after the wafer bonding steps, the final 
VLED product holds an N-polarity on which structure will operate. The 
determination of this polarity is critical information as it causes internal electrical 
fields in a different direction, subsequently impacts the electrical (e.g., current 
spreading from n-GaN towards p-GaN), material growth and optical properties of III-
V semiconductor devices [327]. Also, our Ga-face grown layers/interfaces showed 
good quality of interfaces (as in Figure 5.5, clear bright and dark contrast between 
InGaN/GaN MQWs). This result agrees with previous reports, which found that the 
interfaces of both Ga-face and N-face heterostructures are chemically abrupt at the 
monolayer scale; however, Ga-face interfaces are rather uniform and flat whereas 
rough in the N-face [328].  
10) In summary of above, AC-STEM results across n-GaN, SL, MQW, EBL and p-GaN 
assist in understanding the mechanism of non-radiative carrier loss that can occur 
either inside or outside of the active region. Because three types of non-radiative 
recombination processes normally occur and are: (a) defects related Shockley-Read-
Hall (SRH) and (b) Auger recombination occur inside the MQWs, whereas (c) carrier 
leakage generates non-radiative recombination outside the MQWs. These three non-
radiative recombination processes are illustrated in Figure 5.7.   
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Figure 5.7 Schematic illustration of the radiative recombination and three non-radiative recombination 
mechanisms.  
Hence, we can conclude from our AC-STEM analytical results that asymmetry in carrier 
transport across p-n junction plays a crucial role in efficiency droop. In the context of these 
results, optimization prescriptions are as below. 
5.5 Prospective Optimization  
Based on our AC-STEM results, optimization suggestions are shared for the primary 
objective of high performance VLED by mitigating efficiency droop, QCSE, carrier 
delocalization mechanism, impurity diffusions, structural and crystal defects or dislocations 
issues. The proposed remedies are as below:  
1. To alleviate the efficiency droop, reduced carrier densities within the QWs can be 
obtained by increasing the QW thickness or increasing the QW number or enlarging 
the chip area or thin-film approach or 3D core-shell nanorods [64], [329], [330]. 
The improvements are attributed to reduced Auger recombination, smaller electron 
leakage and improved lateral current spreading [331]. However, the optimal QW 
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thickness depends on substrate dislocation density (DD) and varies from 3 nm (for 
high DD sapphire substrate) to 18 nm (for low DD free-standing GaN substrate) 
[62].  
2. To reduce the QCSE, thinner QWs are normally employed but that adverse the QWs 
efficiency (IQE) because of reduced carrier injection/capture capability. To fully 
suppress the QCSE induced by polarization effects, reversed-polarization (by either 
inverted epitaxy or growing N-face LED structure) or having crystal orientation in 
m-plane, a-plane or any other growth of semipolar and nonpolar light-emitting 
heterostructures need to be designed and fabricated [83]. The reduction of 
polarization field in InGaN/GaN MQW causes less band bending, higher radiative 
recombination rate, and less electron leakage from the active region, leading to 
higher emission energy.  
3. Incorporating the p-InGaN layer as a hole injection layer (instead of p-GaN) can 
diminish strain in the InGaN QWs, resulting in the mitigation of QCSE. This is 
because ternary alloy materials such as InGaN and AlGaN have large lattice 
mismatch to GaN, thus piezoelectric effects need to be considered [67].  
4. In addition, employing polarization-matched AlGaInN quaternary QBs (instead of 
GaN) with respect to InGaN QWs in the active region results in mitigation of 
efficiency droop [332].  
5. Thick QWs with high indium contents suffers from poor material quality and 
reduced efficiency, thus increasing the QW number or by employing short-period 
multiple SL structures are suggested as alternative solutions [329]. 
6. In the context of better electron confinement, InAlN EBL (instead of AlGaN) is 
suggested to counteract electron leakage. This improvement is attributed to 
increasing conduction band offset (≈0.4 eV greater than for Al0.2Ga0.8N EBL) and 
enhance potential barrier for electrons [333], [334]. Also, InAlN/GaN or 
AlGaN/GaN SL EBLs or graded-EBL with uniform and triangular-shaped Al 
profiles can be engineered for enhancing hole-injection capability [269], [335]. 
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7. To mitigate indium segregation at InGaN QWs, indium pre-deposition (IP) 
methodology before InGaN well growth can be used to obtain the uniform spatial 
distribution of indium content across MQWs [240], which contributes to increasing 
the  IQE.   
8. The growth conditions of MQWs and QBs are crucial in the structural 
(crystallization quality) and light properties of LED, because temperature difference 
between InGaN QWs and GaN QBs, and post-growth high-temperature p-GaN hole 
transport layer induces indium re-evaporation and segregation at the interfaces of 
QWs, consequently leads to indium diffusion from InGaN QWs into GaN QBs, 
even into Ag reflection layer [52], [336]. Hence, the reduced growth temperature of 
p-GaN is necessary to enhance IQE by better interface quality of InGaN/GaN 
MQWs.  
9. Also, efficiency droop behavior is minimized more effectively by inserting low-
temperature insertion layers between n-GaN and MQWs [83]. Also, engineering the 
quantum barriers such as using InGaN QBs (instead of GaN) and graded QBs show 
better performance in hole density distribution and reducing polarization effect 
between the QB and QW across the active region [34], [337]. 
Although AC-STEM has ease of sample preparation and large field of view as compared to 
APT [31], and provides crucial insights into the active region of LED at the atomic level, it 
still requires further research to improve the accuracy of atomic locations or atomic 
arrangement in a material, lower beam energy to minimize sample damage and 3D 
chemical doping profile. It will be better to prototype a standalone AC-STEM tool that can 
integrate unique features from different microscopes, e.g., robust TKD patterns from SEM 
[119], [338], 3D chemical composition from APT [115], [142], and so on. This approach 
will assist scientist to perform failure analysis, and material’s engineers to determine 
nanostructure-property-process-performance paradigm in order to design high-power and 
high efficient smart LEDs in illumination market. 
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5.6 Conclusion 
Light-emitting region of the GaN-based blue vertical LED is systematically investigated 
using the powerful technique of AC-STEM. AC-STEM having an atomic resolution of 0.7 
Ǻ with EDX combination has demonstrated a parallel insight into InGaN/GaN-based 
MQW’s by providing morphology, chemical composition, structural defects, polarity and 
nanoscale interfacial chemical migration. AC-STEM-based EDX analysis reveals that 
InGaN is a random alloy and causes indium fluctuations across four MQWs and SL layers. 
HR-STEM results show that compositional inhomogeneity of indium distribution resulted 
in QW width variations and random indium fluctuations, which impacts the carrier 
localization at the MQWs. In addition, HR-STEM images show that InGaN QWs and GaN 
QBs interfaces are not atomically smooth, which is likely due to interdiffusion. Also, 
results show that Al-based EBL at the p-GaN side has a non-uniform profile and makes it 
ineffective for blocking electron leakage. 
Further, AC-STEM HAADF and BF images of GaN active region successfully determine 
that it has wurtzite crystal structure with N-face polarity. The Ga-Ga atomic columns 
separated by 75 pm is resolved by STEM-HAADF imaging whereas the ABF technique is 
utilized for a light element imaging with sub-angstrom resolution, which confirms the N-
face polarity of the vertical LED.  
We believe that our results from AC-STEM extract critical information across the active 
region (p-n junction) of the vertical LED, which encompasses SL, QWs, QBs, and EBL 
layers along with unprecedented picometer metrology of atomic structures in GaN material. 
Consequently, these results at atomic resolution lead us towards to understand the origin of 
efficiency droop, QCSE, carrier delocalization, current leakage, structural defects, polarity 
and impurity diffusion issues. Thus, AC-STEM is an essential technique that assists in 
providing main reasons for degradation in IQE and EQE of LEDs. In addition, based on our 
AC-STEM results optimization suggestions are proposed, which will further facilitate 
design engineers to optimize device physics and fabrication methodology to have better 
light management in upcoming smart LED products.  
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 Chapter Six                               
Non-destructive Analysis on 
Nano-Textured Surface of the 
Vertical LED for Light 
Enhancement 
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6.1 Introduction to Surface Engineering  
Light-emitting diode (LED) is an eco-friendly electroluminescence device, which converts 
electricity into visible light for illumination. LED technology has many advantages over 
traditional light sources in terms of compact size, lifetime, variable intensity control, low 
voltage requirement, instant on/off, high energy saving capability, and so forth [3]–[6]. Due 
to the superb figure of merits among various III-nitrides system, GaN-based LEDs has 
attracted tremendous attention in various industrial applications including back-lighting for 
smart phones and liquid crystal displays, traffic signals, automotive lights, and other 
outdoor commercial full-color displays [7], [8], [11], [12], [35]. In recent years, GaN-based 
LEDs market is booming fast and has demonstrated high IQE of 90% by developing good 
epitaxy or high crystalline quality MQWs [15], [58], [59]. However, their EQE, which is 
equal to IQE × LEE, has achieved only 60-80% and there are still room for further 
improvement. To achieve the required benchmark for next-generation solid-state lighting, 
vertical LEDs are facing major challenges of LEE and high cost [60], [61].  
In the vertical injection LED (VLED), light output efficiency is mainly controlled by two 
interfaces: (1) semiconductor/air interface, and (2) semiconductor/metal interface [52], 
[230]. The main reason for the low LEE in LEDs is a total internal reflection (TIR) of light 
at the semiconductor/air interface, which results from the large difference in refractive 
indices between the semiconductor and air [339]. According to Snell’s law, the critical 
angle for GaN (ns=2.5) and air (nair=1) interface is 23.6, so any light ray incident from 
MQWs with an angle of more than 24 on the GaN/air interface has will be trapped inside 
the semiconductor [22], and consequently does not contribute to illumination. In this regard, 
variety of methods have been employed till now, such as surface roughening [276], [340], 
[341], hexagonal cones [342], photonic crystals [343], [344], nanorods [339], highly 
reflective metal (Ag) mirror layer [51], [228], air prism array [345], patterned sapphire 
substrates (PSSs) [346], [347], and graded refractive index materials [348], and so on. In 
these approaches, top textured-surface on a bottom highly-reflective metal mirror layer has 
been considered to be a prominent candidate in VLED structures due to its  versatility in 
reducing TIR and processing cost, improving the current spreading and heat dissipation, 
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and maximizing optical output [230], [349]–[351]. Compared to non-etched LED, the light 
output power of the textured LED has been increased by 30-50%, and the wall-plug 
efficiency has been improved by 33% at an injection current of 20 mA [352]–[355]. 
Therefore, it is indispensable to perform surface analysis of the VLED for further 
performance optimization and light enhancement without damaging or degrading its top 
topography and surface morphology.  
In this report, surface analysis of nano-textured structure in the VLED is characterized by 
NDT consisting of SEM, AFM, Raman spectroscopy, PL and XRD for performance 
optimization and light enhancement. These techniques provided noncontact, local, and 
nondestructive, hence prevent damage to the nano-textured surface of the VLED. Surface 
morphology and topographical (roughness) information of textured surface were analyzed 
by SEM and AFM. Stress by texturing on the n-GaN surface was determined by Raman 
spectroscopy, whereas emission property and crystal quality of textured surface were 
examined by PL and XRD. Furthermore, SEM-based TKD/EDX, and AC-STEM tools 
were used to investigate the influence of texturing engineering on underneath layers (n-
GaN and quantum wells). Finally, the framework of NDT provided parallel insight into 
texture engineering and on the basis of these correlatives NDT results, suggestions are 
presented on optimization of surface engineering for better light extraction efficiency in 
VLEDs. 
6.2 Materials and Methods  
The fabrication of the GaN-based VLED constitutes four steps [52], [57], [177]: (1) growth 
of epitaxial layers by MOCVD on a 2 inch sapphire (0001 oriented)  substrate and 
deposition of a reflective mirror (silver) by electron-beam evaporation, (2) integration of 
device wafer with  carrier wafer by wafer bonding technique, (3) removal of temporary 
grown sapphire substrate from the device wafer by laser lift-off (LLO) method, and (4) to 
improve the light output power and LEE of the VLEDs, a random abraded pyramid-shaped 
textured surface was formed on the n-GaN layer by using a KOH solution at 80°C and final  
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Figure 6.1 (a) Cross-sectional schematic layers of the VLED. (b) SEM micrographs of the top textured 
surface. (c) SE2 and (d) In-lens cross-sectional imaging of the textured surface of the VLED. 
SiO2 as passivation layer was deposited by plasma-enhanced chemical vapor deposition 
(PECVD). Figure 6.1(a) shows the cross-sectional schematic of the VLED. Surface 
morphology and topography of the sample was investigated with Zeiss ULTRA Plus FEG-
SEM and Bruker Dimension ICON AFM, respectively. High-resolution Renishaw Raman 
spectroscopy and Schimadzu XRD 6000 were used to evaluate the stress state and 
crystalline quality of the top textured n-GaN layer. PL measurement was performed at room 
temperature to characterize the emission properties of the textured surface. Furthermore, 
SEM-based EDX with TKD and JEOL JEM-ARM300F AC-STEM were used to assess the 
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cross-sectional view, chemical composition and impact of a textured surface on the 
underlying active region, i.e., the crystalline quality of MQWs of the VLED. 
6.3 Results and Discussion  
6.3.1 Surface Morphology and Topographical Information 
SEM with low e-beam at 5kV was applied to avoid damaging the top surface of VLED. In 
Figure 6.1(b)-(d), SEM micrographs show that wet etching of GaN using KOH solution 
formed pyramid shaped nanorods structures with sizes ranging from 100 nm to 900 nm, 
(diameter of the tip surface) having height of ~1.0 to 2.5 m, and are randomly located on 
the top surface of the VLED. Light extraction is enhanced by hindering TIR with these 
random textured n-GaN surface [356], because the light is successively reflected by the 
sidewalls of the pyramid structures and after each reflection their departure angle decreases, 
until the critical angle of the GaN (~24). Thus, most of light can exit instead get trapped in 
the pyramid cones or semiconductor material, as illustrated in Figure 6.1. These random 
textured n-GaN surface of the wet-etched VLED scattered the light in a non-specific 
direction and mostly forms a typical Lambertian emission pattern [342]. Also, in SEM, 
imaging by SE2 and in-lens detectors depict different contrast of the textured surface in a 
cross-sectional view, as shown in Figure 6.1(c) and (d).  
To further investigate the surface topography of the textured surface of VLED, AFM 
analysis was performed. AFM results reveal that pyramid structures are not uniform in 
height with a root-mean-square (RMS) surface roughness value of ~ 300 nm, as shown in 
Figure 6.2. Interestingly, it is worth to note that these pyramid-shaped microstructures have 
a surface roughness less than the wavelength of visible light, that is, λ < 400 nm, thus the 
variability of roughness (height of pyramid cones) need to considered during surface 
engineering for light emission in a specific wavelength. The variability of surface 
roughness strongly depends on the etching rate, so etching needs to be optimized.  
Also, in Figure 6.2, we can observe that the shape of the imprints is roughly pyramid with 
curved edges and is in random spatial distribution. The roughness of surface provides better 
angular redistribution of light, i.e., roughness randomly scatters photons and distributes 
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them in arbitrary directions for better light extraction, in agreement with previous literature 
on the textured surfaces, which states that the rough surface improves light extraction and 
output power of the LED [357], [358]. Although a rough surface promotes high light 
extraction and output power, high roughness is achieved at the cost of over-etching (higher 
depth) [358], [359]. This results in damaging the n-GaN or active layers (MQWs) and the 
probability of more loss of light by absorption exits (because of dislocations induced by 
over-etching or high-stress conditions), which decreases the reflection of light and 
eventually causes a drop in the luminous efficiency.  
 
Figure 6.2 2D and 3D AFM analysis on the top textured surface of the VLED. 
 
6.3.2 Stress-State on Textured GaN Surface? 
Furthermore, Raman scattering was conducted to evaluate the stress-state of the textured 
rough surface of the VLED. Raman spectra, intensity profiles, and 2D mapping are shown 
in Figure 6.3.  
In GaN films, the E2 high (E2
H
) and A1
 
longitudinal optical
 
(LO) phonon modes are widely 
used to evaluate the stress-related property of III-nitrides, particularly the E2
H
 phonon peak 
at ~565–568 cm−1 is associated to the residual stress inside the GaN layer [135], [94]. In 
Figure 6.3(a) and (c), Raman spectroscopy revealed that the E2
H
 phonon peak is shifted to 
high wavenumbers at 569 cm
−1 
with respect to the peak of stress-free GaN at 567.5 ± 0.5 
cm
-1 
[138], which shows that the textured n-GaN layer is under the stress because of the 
Raman shift of 1.5 is observed.  
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Figure 6.3 (a)-(d) Micro-Raman spectra on texture surface of VLED. Raman peaks of E2
H
 at 569 cm−1 and 
A1(LO) at 736 cm
−1
 are ascribed to the compressive GaN. The dashed line indicates the stress-free GaN with 
E2 peak at 567.5 cm−1 and A1(LO) at 733cm
−1
. (b) Room temperature Raman shifts versus corresponding 
residual stresses. Our Raman measurements of both E2
H
 and A1(LO) mode relations are displayed as yellow 
marked, respectively. The solid line is the fitting of E2(high) frequencies whereas the dashed line is the result 
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of A1(LO) frequencies [138]. (e), (f) Two-dimensional micro-Raman intensity mapping of the E2
H
 and 
A1(LO) peaks in an area of 10 μm × 10 μm 
To validate it mathematically, the stress can be measured by ω (E2
H) = ω0 + C, or   = 
∆/C,  where ω0 is the Raman shift for stress-free GaN (567.5 cm−1), ∆ is the shift of the 
E2
H
 phonon peak, C is the biaxial strain coefficient (−2.25 cm-1 GPa-1 for GaN), and σ is the 
in-plane (c-plane) compressive stress [97], [360], and estimated to be -0.667 GPa (negative 
value indicates that the residual stress is compressive). This result reveals that textured 
surface induces more compression than tensile stress on the n-GaN layer, thus verified that 
the textured surface is under the compressive stress state. In fact, this compressive stress is 
due to the lattice and thermal mismatch with the sapphire substrate. In fact, the thermal 
expansion coefficient of sapphire is much larger than that of GaN, which is responsible for 
the highly compressive residual stress in GaN [22].  
The A1(LO) phonon mode corresponds to atomic oscillations along the c-axis and is 
affected by free carrier concentration or different doping levels. As shown in Figure 6.3(a) 
and (d), like E2
H
 mode, the A1(LO) phonon peak is also shifted to high wavenumber at 736 
cm
-1
 with respect to a stress-free GaN peak at 734.2 ± 0.5 cm
-1
 [95], [138], indicating a 
stress state at -0.667 GPa, which is consistent with the E2
H  
shift and with previous reports 
[94], [360]–[362], as illustrated below in Figure 6.3b. Thus, Raman spectroscopy is a 
sophisticated tool for optical characterization of stress conditions (E2
H
), and impact of free 
carrier concentration or doping levels (A1(LO) mode) in heteroepitaxial material and device 
structures. 
Moreover, 2D Raman mapping and intensity profiles at E2
H
 (569 cm
−1
) and A1(LO) (736 
cm
-1
) modes
 
(Figure 6.3(e) and (f)) depicted that the blue regions with the lowest intensity 
correspond to the center parts of the textured surface, i.e. pointed rods of pyramid patterns; 
meanwhile, the green, yellow and red regions with the highest intensity refer to the rest part 
of the patterns. The different intensity is due to the fact that nano-textured GaN epilayer is 
subjected to biaxial compressive stress, because of three reasons: (1) prior to laser-lift out, 
GaN was grown on sapphire substrate, which shrinks more than GaN because of different 
coefficient of thermal expansion [76], (2) etching could have influenced stress on the top 
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GaN epilayer while forming textured surface in the last stages of LED fabrication process, 
and (3) stress might be induced during passivation of SiO2 by PECVD on the top textured 
surface [363], [364].  
6.3.3 Emission Property and Crystal Quality of Textured GaN Surface 
Furthermore, PL and XRD measurements were taken to verify Raman spectroscopy results. 
PL can also assess the variations of stress level in the GaN since the energy band gap is 
strongly sensitive to the state of stress [138], [139]. As shown in PL spectra in Figure 6.4, 
emission peak of the blue LED is shifted to 442 nm rather its expected reference emission 
wavelength of 450 nm (depending on indium concentration and QW width as shown in 
Figure 1.7). This result validates the Raman spectroscopy analysis that nano-textured 
structures on the GaN layer demonstrate a stress, leading to a blue shift of the emission 
peak wavelength, subsequently impacts the optical efficiency of the VLED.  Hence, Raman 
and PL measurements, an accurate assessment of the slope of stress versus frequency or 
energy shift is feasible.  
 
Figure 6.4 Photoluminescence spectrum obtained from the top textured surface of the VLED. 
In Figure 6.5, XRD data obtained through X-ray source with a rotating Cu anode indicates 
that the GaN material holds not superior but good crystalline quality with 2- values at 
35.0, 35.4, 38.6, 39.0, 40.5, 44.0, 45.2, 51.1, 65.4, 74.9, 78.4, where peaks of 35.0 and 35.4 
represent InGaN (MQWs) and GaN (0002), and 74.9 peaks are for GaN (0004) planes, 
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respectively. Normally, significant reflection by the hexagonal GaN (0002) is at 34.6°, but 
in our case GaN peak it is at 35.4, indicating a stress state in the textured n-GaN layer, 
consistent with PL and Raman results. The absence of XRD peaks for SiO2 in this material 
suggests that the deposited passivation layer on the nano-textured surface is amorphous. 
Thus, the nice agreement between the results from different NDT methods provides 
confidence in the analyzed data. Such results from NDT are very crucial, because the 
increase in the energy band gap of GaN results from the compressive stress, whereas it 
decreases with an applied tensile stress. In fact, strain engineering in semiconductor-based 
thin films can be employed to obtain desired physical and electronic properties of VLEDs 
[22]. 
 
Figure 6.5 XRD analysis of the top textured surface of the VLED. 
6.3.4  Impact of Textured Surface on n-GaN and MQWs layers 
After NDT analysis, to further scrutinize the impact of the top textured surface on 
underlying n-GaN and active (MQWs) layers of the VLED, the possibility is to apply 
destructive techniques of SEM-FIB and STEM. Figure 6.6(a) presents a cross-sectional 
(view) SEM image obtained on a specimen prepared by focused-ion beam (FIB) technique. 
SEM-based EDX depicts chemical composition of top surface and across the top cross-
sectional region (Figure 6.6(b) and (c)), where VLED top nano-textured pyramids (with  
169 
 
 
Figure 6.6 (a) Cross-sectional view of the SEM micrograph. (b) and (c) SEM-based EDX line scan analysis. 
(d) SEM-based TKD analysis on the GaN layer. (e) AC-STEM imaging on MQWs.  
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etch depth of ~1-2 m) are covered by the 200 nm thick SiO2 film with 20-25 wt.%, which 
resulted in a hemispherical textured n-GaN surface. Passivation of SiO2 on the nano-
textured is vital to increase the critical angle (reduces TIR) and provide a gradual change in 
refractive index (GaN=2.5, SiO2=1.46, air=1), thus further enhances light scattering and 
output power of the VLED [364], [365]. Also, previous reports showed that white VLEDs 
having a SiO2 layer exhibit an 8.1% higher luminous efficacy than white VLEDs with no 
layer at an injection current of 350 mA [275]. Table 6.1 illustrates refractive index of n-
GaN, air, SiO2 and other passivation materials in relation to the critical angle.  
 
Table 6.1 Refractive index and the critical angle of materials (interfaces and passivation layers) used in the 
VLED [365], [366]. 
Material Interface (Passivation) Refractive Index  
(n2/n1) 
Critical Angle  
(degrees) 
Air/GaN 1/2.5  23.6 
Air/ITO 1/2.19 27.2 
Air/SiO2 1/1.46 43.2 
Air/Al2O3 1/1.76 34.3 
SiO2/GaN 1.46/2.5 35.7 
MgO/GaN 1.73/2.5 43.8 
ZnO/GaN 1.94/2.5 50.9 
MgO/ZnO 1.73/1.94 63.1 
 
In addition, to investigate the crystal quality of underlying n-GaN and active (MQWs) 
layers, a thin TEM lamella (prepared by FIB) is analyzed under SEM-TKD and AC-STEM 
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The crystallographic texture of n-GaN layer is determined by SEM-TKD and structural 
morphology of active region on the atomic scale is studied by AC-STEM. Using SEM-
TKD, pole figures (degree of preferred orientation) and Kikuchi diffraction patterns 
obtained from the pyramids structures on the GaN layer reveal that they exhibit a wurtzite 
crystal (HCP structure) with strong {0001} texture in the growth direction (c- axis). 
However, the grown structures are not perfectly aligned in the <0001> direction and the 
surrounded six-fold rotational symmetric features appeared at {10-12} and {10-10} planes 
are also not well aligned and sharp, which shows that GaN layer is under certain minimum 
stress  (Figure 6.6(d)) [360], [367], [368]. This result is in agreement with NDT analysis 
and validates that the GaN layer (just beneath the top textured surface) is influenced by 
KOH etching process, resulting in a stress-induced GaN layer. On the other hand, the active 
region (4-5 m away from the top textured surface) has smooth morphology and stress-free 
MQWs interface, i.e., InGaN/GaN, as shown in atomic-imaging in Figure 6.6 (e). Also, no 
major stalking faults or dislocations are noticed in the active region of the VLED. This 
result also substantiates that in the vertical LEDs, all the surface engineering, which occurs 
on the n-GaN layer (> 2-3 m and much thicker than p-GaN) does not affect the underneath 
light emitting active regions, i.e., MQWs. Contrarily, in case of lateral LEDs, surface 
texturing is difficult because the top p-GaN layer is too thin for surface texturing and 
sensitive to electrical deterioration and etching or plasma damage [358].  
6.4 Prospective Optimization  
On the basis of above results, following optimization are suggested:  
1. In competitive or failure analysis of LEDs, NDT need to be applied prior to other 
destructive characterization techniques, such as FIB, SIMS, TEM, and APT to prevent 
damage to sample.  
2. NDT can be used to evaluate the actual lifetime and reliability of LED to identify 
variations of the top surface of n-GaN after lighting up LED for certain hours to 
estimate its lifetime duration.  
3. During fabricating the LED device, the distance between GaN/air interface and MQW 
or GaN/Ag interface need to be optimized for better light extraction [369].  
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4. The etching mechanism or methodology need to efficient and effective. For instance, 
in case of wet etching, KOH etching rate need to be considered as different degrees of 
surface morphology and surface roughness can be achieved by varying etching rate 
and temperature. Different groups reported that the pyramid dimensions and 
pyramidal distribution density is inversely proportional to the etching time, and 
impacts both LEE and output power [340], [370]–[372].  
5. Less-damaging and low-cost etching methods need to be introduced, such as natural 
lithography or direct printing and subsequent inductive coupled plasma etching can be 
used [373], [374]. Also, hexagonally close-packed micrometer array or GaN circular 
nano-cones structures can effectively increase the LEE by utilizing all different 
components of light [342], [375]. Furthermore, such texture engineering can also be 
done in organic LEDs and solar cells, as well.  
6. It is known that the concept of the random textured surface is light scattering (in a 
random direction) to hinder TIR but lacks waveguide coupling. Hence, for light 
scattering in a specific direction, periodic cones in form of the micropatterned array (      
Figure 6.7) or nanopillar structures will further enhance the LEE of VLED by 
enlargement of the photon escape cone [376]–[378].  
   
 
      Figure 6.7 (a) Schematic of (a) the unpatterned, (b) wet-etched, and (c) micropatterned VLED [342]. 
7. Nevertheless, texturing the surface is an efficient way to improve the light output 
power because of multiple chances of light escape from the surface. However, the 
random scattering probability will increase with compact patterns, which shows that 
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LEE strongly dependent on distance/size parameter of pyramids, i.e., if the 
distance/size parameter decreases, the number of pyramid pattern increases, hence will 
have more chances of random scattering at the n-GaN/air interface [357]. Compact 
patterns also enhance light output power and are attributed to the scattering effect at 
the textured surface. Thus, more compact patterns are required for better LEE and 
output power. In this regard, nanoparticle-assembled on-top layers or nanowires (e.g., 
ZnO) or thin-film flip chip methodologies can also be used [277], [379]–[381].  
8. Stress/strain-free GaN films are necessary to produce high power and high optical 
output LEDs for emerging smart lighting products. To achieve that, natural substrate 
lift-off or plastic substrates can be used rather a laser or chemical lift-off during the 
fabrication process to avoid the non-uniform etching or tensile stress, resulting in 
reducing the piezoelectric polarization electric fields (i.e., quantum-confined Stark 
effect), which leads to high recombination efficiency and fewer wavelength shifts in 
VLEDs.  
9. Normally, the Raman data represents a volume average of the stress through the GaN 
layer (with a thickness in the order of 1–2 mm). On the other hand, micro-PL shows 
the stress near the surface of the GaN, for instance, the photon penetration depth of the 
He–Cd 325-nm of the order of 80–90 nm [138]. Also, the AFM provides only top 
surface topography. Thus, a combination of these NDT techniques needs to be 
implemented because they offer complementary information to reveal the through-
thickness variation of stress in the GaN epilayer without contacting or damaging its 
surface.  
10. To optimize surface engineering of VLED, new passivation layers need to be explored 
that can reduce TIR by increasing the critical angle (Table 6.1) so that plasma or 
etching-induce damage can be minimized [365], [370], [382]. Also in VLEDs, the top 
(small area) textured n-type electrode and backside (large area) reflective mirror or p-
contacts normally have current crowding issue, to mitigate that, highly transparent 
conducting layer or graphene current spreading layers can be incorporated to improve 
light output power and wall-plug efficiency [47], [383]. However, the trade-off 
between optical transmittance and electrical conductivity must be addressed as well.  
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6.5 Summary and Conclusion  
In summary, GaN-based vertical LED with pyramid-shaped textured structure was grown, 
fabricated and characterized by non-destructive surface analysis techniques. Impact of a 
textured surface on the stress state and crystalline quality of the GaN were analyzed by 
advanced powerful microscopy tools of SEM, AFM, Raman, PL, and XRD. SEM and AFM 
results showed that the surface topography of nano-textured surface on VLED has a 
roughness of ~300 nm. Raman spectroscopy revealed that the stress state of the nano-
textured surface in compression stress of 0.667 GPa with E2
H
 and A1(LO) phonon peak 
values at 569 cm
−1 
and 736 cm
−1
, respectively. Also, PL and XRD measurements agree 
with Raman data and manifest that because of the stress state, the blue VLED has emission 
peak wavelength of 442 nm rather 450 nm. To further examine the influence of texturing on 
underneath layers, SEM-based TKD and AC-STEM results depicted that n-GaN and 
MQWs have a smooth surface morphology in a good crystalline quality, thus validated the 
etch-induced damage caused by texture engineering do not affect the active region of the 
VLED. Furthermore, on the basis of these results, prospective optimizations are suggested 
on surface engineering for light enhancement in VLEDs.   
Hence, surface analysis using NDT is crucial because of non-contact, local, and non-
destructive material characterization techniques adequate for measuring surface roughness 
and stress in VLEDs. Also, surface analysis using NDT helps in understanding the 
structure-property of nano-textured pyramids of the VLED without destructing or damaging 
the material. NDT will help the design engineers in a deep understanding of surface 
engineering to alleviate decreased LEE and enables them to find the relationship of 
luminous intensity and efficiency in corresponding to different degrees of surface 
roughness and stress state. The reason is that on one hand, more roughness in surface 
increases the optical output, while it also induces stress on the n-Ga layer on the other hand, 
which leads to degradation of the LEE. Thus, the optimized textured surface should be 
promising for the future applications of solid-state lighting.  
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6.6 Future Outlook 
A unified framework of NDT in a standalone microscopy needs to be developed, where 
complimentary results from SEM, AFM, Raman spectroscopy, PL and XRD techniques can 
be obtained in parallel. This will facilitate device engineers to investigate the actual cause 
of low LEE, and other current challenges of the VLED structures facing, such as efficiency 
drop and green gap issues. Also, this standalone NDT will not only perform failure analysis 
but also optimizes texture engineering to produce stress-free GaN films, which are 
necessary to generate high power and high optical output LEDs for emerging smart lighting 
products.   
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 Chapter Seven                  
Conclusions and Perspectives 
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7.1 Summary and Conclusions  
Figure 7.1 provides a compact summary of keys results of this dissertation.  
 
Figure 7.1 Summary of key findings in the understanding of the light extraction efficiency and reliability of 
the Vertical LED  
In this dissertation, atomic or nano-scale characterization of the LED stack layers is 
systematically performed to understand their microstructure-property relationship, and to 
address the current challenges of efficiency droop and reliability issues. In order to explore 
the answer to the key question that what are possible causes of efficiency droop in the LED, 
advance microscopy techniques have been employed to characterize it at the nano or 
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atomic-scale. Later, the qualitative and quantitative 2D/3D characteristics were analyzed to 
optimize LED device for performance enhancement. 
In this context, different properties such as surface morphology, compositional variation, 
elemental diffusion, and surface topography, stress-state, and interface-related reliability 
characteristics have been systematically investigated under the powerful high-resolution 
microscopy tools of SEM, FIB, TEM, AFM, Raman spectroscopy, XRD and PL, and their 
corresponding results are as follows: 
1. SEM technique has provided surface morphology of the top surface and cross-
sectional layers of the VLED. Combined SEM-based EBSD/TKD with the EDX 
analyses revealed elemental segregation, grain morphology (grain size, grain 
orientation, and grain boundary types) and crystallographic (texture) orientations of 
the LED stack layers. At the preliminary stage of the VLED investigation, the 
combination of SEM-TKD/EBSD with EDX proved to be robust and sophisticated 
methodology for nanocharacterization of the LED. On the other hand, TEM 
technique on the VLED exhibited its unique capability to reveal the structural and 
chemical properties of devices at atomic-scale resolution. 
 
2. Combine results from SEM-TKD and TEM techniques exhibited detailed 
characterization of metallic bonding interface-related defects and nano-twinned 
boundaries. The correlative results are quite beneficial in understanding the origin 
of microstructure formation, especially the existence of nanocrystalline grains with 
special twin boundaries at Au-Au interface attribute towards twin-induced 
strengthening mechanism in wafer bonding.   
3. Also in case of mirror layer of VLED, combine results from SEM-based 
TKD/EBSD/EDX, AC-STEM and AFM techniques provided unprecedented 
insights into the Ag reflection layer of VLED. The results revealed that Ag quality 
is strongly dependent on the control of interfacial diffusions, grain morphology, and 
surface topography. Abrupt Ag-GaN interface and compact smaller (fine) grains 
with a smooth surface (low roughness) are essential criteria for the better reflectivity 
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of light at the Ag mirror layer. Such peculiar results are critical in understanding the 
origin of diminution in IQE and EQE, which will assist to significantly enhance the 
overall light emission efficiency of the VLED devices. 
4. In addition, AC-STEM having atomic resolution of 0.7 Ǻ with EDX combination 
has demonstrated a parallel insight into InGaN/GaN-based MQW’s by providing 
morphology, chemical composition, structural defects, polarity and nanoscale 
interfacial chemical migration. AC-STEM-based EDX analysis reveals that InGaN 
is a random alloy and causes indium fluctuations across four MQWs. HR-STEM 
results show that compositional inhomogeneity of indium distribution resulted in 
QW width variations and random indium fluctuations, which impacts the carrier 
localization at the MQWs. Also, HR-STEM images showed that InGaN QWs and 
GaN QBs interfaces are not atomically smooth, which is likely due to interdiffusion. 
Also, results show that Al-based electron blocking layer at the p-GaN side has a 
non-uniform profile and makes it ineffective for blocking electron leakage.  
 
5. Furthermore, AC-STEM HAADF and BF images of GaN active region successfully 
determined that it holds wurtzite crystal structure with N-face polarity. The Ga-Ga 
atomic columns separated by 75 pm was resolved by STEM-HAADF imaging 
whereas the ABF technique utilized for a light element imaging with sub-angstrom 
resolution, which confirms the N-face polarity of the vertical LED. Thus, results 
from AC-STEM extract critical information across the active region (p-n junction) 
of the vertical LED, which encompasses QWs, QBs, and EBL layers along with 
picometer metrology of atomic structures in the GaN material. Consequently, these 
results at atomic resolution lead us to understand the origin of efficiency droop, 
QCSE, carrier delocalization, current leakage, structural defects, polarity and 
impurity diffusion. 
6. In addition to above stated advanced microscopy techniques, surface analysis of the 
VLED using NDT of SEM, AFM, Raman spectroscopy, XRD, and PL provided 
surface morphology, surface topography, stress-state, phase identification of a 
crystalline material, and emission properties, respectively. For instance, AFM 
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results showed that the surface topography of nano-textured surface on VLED has a 
roughness of ~300 nm whereas Raman spectroscopy, XRD, and PL revealed that 
the stress-state of the nano-textured surface in a compressive stress. In parallel, 
XRD and PL techniques validated Raman spectroscopy results by indicating that the 
quality of crystal in a stress-state, resulting in blue VLED emission peak 
wavelength of 442 nm rather 450 nm. Thus, NDT will help the design engineers in a 
deep understanding of surface engineering to alleviate decreased LEE and enables 
them to find the relationship of luminous intensity and efficiency in corresponding 
to different degrees of surface roughness and stress state. 
7. Surface analysis using NDT is necessary because of non-contact, local, and non-
destructive material characterization adequate for measuring accurate surface 
topography (roughness) and stress-state in VLEDs.  
 
8. Indeed, microscopy techniques are capable of performing component-level and 
device-level analysis, and offers unique information for LED optimization to play a 
vital role in the electronic materials industries. In general, microscopy 
characterization on the VLED demonstrated that the interface quality strongly 
influences the properties of the epitaxial layers, and interfaces are linked to hetero-
structure properties, such as carrier density or mobility and recombination rates, 
which directly affect the efficiency droop of the VLED. Nonetheless, microscopy 
analysis is essential to map chemical composition, surface morphology, elemental 
diffusion or impurity levels, surface topography, and GBs that impact the electronic 
properties of the device under test (DUT).  
 
9. Microstructural features interpreted from microscopy techniques are significantly 
important in associating them to the structure-property-process-performance 
relationship, which helps in the better discernment of materials design paradigm. 
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10.  Atomic or nano-scale characterization of VLED facilitates quality analysis and 
quality control in the LED fabrication process, resulting in new process 
developments and optimization engineering.  
In summary, in-depth analysis of wafer (metallic) bonding, the silver reflection layer, 
an active region (MQWs) and top-textured layers provided critical evidences in relation 
to failure analysis, and will assist device engineers in optoelectronics sector to identify 
the actual cause of efficiency droop in the LED. Nevertheless, the nanostructural study 
of the LED devices via powerful advanced microscopy tools resulted in optimization 
suggestions to enhance the light extraction efficiency and to improve the lifetime of the 
future smart LED devices.  
7.2 Future Directions  
7.2.1 Organic Solar Cells  
Sunlight is a promising clean and readily available energy source compared to conventional 
fossil fuels on earth. To utilize that energy, solar cells are the devices that convert solar 
energy into electricity. However, today’s solar cells generated electricity is less than 1.3% 
of the world’s total energy consumption [384]. Although the 1st and 2nd generation solar 
cells, such as crystalline Si, III-V single junction, CdTe, and other inorganic solar cells, 
exist, still they are not pertinent devices for most desired applications due to their high 
temperature processing, high quality of Si or dependence on scare resources and complex 
engineering requirements [385]. The 3
rd
 generation photovoltaic cells, such as Perovskite, 
quantum dot and organic solar cells (OSC) are emerging thin-film cells because they have 
potential to overcome Shockley-Queisser limit and are based on novel semiconductors 
[386], [387]. 
In OSC, polymer-based solar cells show great potential due to their low material cost, 
lightweight, mechanical flexibility, and swift processiblity. Also, they provide an attractive 
approach to increase solar cell efficiencies because their bandgaps and energy levels can be 
engineered by varying chemical structure [388], [389]. Nevertheless, the power conversion 
efficiency has been the main criterion for the OSC performance and is approaching 8-15%  
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Figure 7.2. Nanocharacterization of Polymer Solar cells by SEM, EDX, and APT 
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in today’s market products with the stability of almost one year [390]–[392], but the scope 
of further improvement exists. Thus, to understand their underlying fundamental 
mechanisms a detailed nanostructural characterization is necessary. In this regard, although 
SEM and STEM have been done, APT characterization is still rarely available [393]–[395]. 
This is because of challenging sample preparation (APT tips) of organic material under less 
damaging beam environment. 
In this context, we have done preliminary work on the flexible polymer-based OSC and few 
attempts have been made to systematically analyze them under the powerful microscopic 
tools, specifically APT. The methodology of sample preparation via FIB and APT 
characterization are under consideration. So far, few initial results have been collected and 
are summarized in Figure 7.2 However, still there is potential to perform analytical 
nanocharacterization on organic materials to investigate the issues of efficiency and 
stability in OSC and organic LEDs (OLEDs). 
7.2.2 Organic LEDs and optical CMOS-MEMS devices 
For future work, atomic-scale characterization should broaden its versatility to organic 
electronics technologies (OLEDs) and Micro-Electro-Mechanical Systems (MEMS). The 
monolithic integration of the CMOS and MEMS technology, i.e., MEM Specific Integrated 
Circuit (MEMSIC), drives the need for “Everything on a Single IC”. Although few groups 
have started work on these devices [253], [273], [396], [397], still to realize a given product 
of OLED and MEMSIC, considerable challenges remain unexplored in achieving a high-
quality yield factor. Hence, it is suggested that the power of APT and AC-STEM 
technologies should not only be exploited for ICs but also for a variety of novel organic 
materials (OLED, OFET, OSC and smart MEMS devices (MEMS accelerometers, digital 
MEMS microphones, CMOS-MEMS thermoelectric micro-generators, optical MEMS, and 
MEMS RF resonators. Also, in future, it is expected that correlative microscopy by 
combining both APT and ET can be used to characterize the compositional and structural 
information of complex devices in three or four-dimensions at the atomic-scale. 
Consequently, this concept will facilitate the prototyping of organic and MEMS devices.  
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Further, there is a need to combine all the capabilities and features of different microscopy 
techniques into one standalone microscopy, namely “structure-properties microscopy”. For 
instance, SEM or TEM in that prospective microscopy will contribute in: (a) imaging (the 
verification of internal and external shape, size and morphology of the DUT), (b) 
diffraction (from TEM) and Kikuchi patterns (from SEM-TKD) (the verification of atomic 
structure, amorphous or crystalline nature of each region of the DUT), and (c) analysis 
(credentials of any general composition of phases). Hence, integration of SEM or TEM (ET) 
and APT into one benchmark instrument can perform sophisticated device analysis. 
7.3 Closing Thoughts 
Having worked over five years on inorganic semiconductor devices, I am optimistic that 
field of organic semiconductor devices will become a dominant solution not only to issues 
of inorganic devices, such as scare resources, cost of fabrication and engineering 
complexity, and so on, but also able to mitigate the world energy crisis as well. It is also 
possible that light generating (OLED) and light absorbing (OSC) get integrated, thus, the 
potential of organic semiconductor devices is tremendous because of their non-renewable 
resources, flexibility, low fabrication cost, eco-friendly, sophisticated process and 
optimization engineering. I believe that atomic-scale characterization on organic 
semiconductor devices, such as OLED and OSC helps scientists, researchers and design 
engineers to investigate their chemical composition, surface topography, and interface 
diffusions between the active region and the related stack of thin layers. The focus of that 
vital research will be to present a competitive and failure analysis of by characterizing them 
at the nanoscale for performance optimization in efficiency and stability aspects. 
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